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This study evaluated alcoholic fermentation (AF) of lychee wine by 
Saccharomyces and non-Saccharomyces yeasts; and the effect of simultaneous 
AF and malolactic fermentation (MLF) (Oenococcus oeni) on lychee wine. S. 
cerevisiae MERIT.ferm was selected from four S.cerevisiae strains (EC-1118, 
R2, 71B, and MERIT.ferm) with a good balance of esters produced. 
Torulaspora delbrueckii PRELUDE was selected from three 
non-Saccharomyces yeasts (T. delbrueckii PRELUDE, Williopsis saturnus 
NCYC22, and Kluyveromyces lactis KL71) with high amounts of lychee 
aroma-character compounds retained. The sequential fermentation with T. 
delbrueckii PRELUDE and S. cerevisiae MERIT.ferm could accord the wine 
volatiles from both lychee fruits and biotransformation. MLF significantly 
elevated the levels of potent character-impact aroma-active compounds 
relative to AF, suggesting that MLF is an effective way of retaining the 
original lychee flavour.  
This work also assessed the impact of individual aromatic amino acid 
addition (L-phenylalanine, L-tryptophan and L-tyrosine) and branched-chain 
amino acid addition (L-valine, L-leucine, L-isoleucine) on non-volatile and 
volatiles in lychee wine. Supplementation with L-phenylalanine resulted in 
significantly higher amounts of 2-phenylethyl alcohol and related esters. In 
contrast, supplementation with L-tryptophan and L-tyrosine had negligible 
effects on volatiles. All added branched-chain amino acids increased 
corresponding higher alcohols and esters produced, while L-leucine inhibited 
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CHAPTER 1 Introduction and literature review 
1.1 Lychee and lychee wine 
1.1.1 Lychee 
Lychee (Litchi chinensis Sonn.) is the most commercially significant 
member of the soapberry family, Sapindaceae. It grows in tropical and 
sub-tropical areas. Of the major planting areas, China, India, Thailand, 
Vietnam, South Africa, Australia, USA and the Malagasy Republic constitute 
almost 98% of the world planting areas and 96% of the global total output 
(Tang & Zhuang, 2009). Currently, there are 26 varieties of lychee in China, 
of which Feizi Xiao, He Ye, Huai Zhi, Yuhe Bao are most common. Other 
varieties mainly include Hong Huey, Chacapat and Wai Chi in Thailand; Da 
Su, Gui Wei, Huai Zhi and Salathiel in Australia
 
(Tang & Zhuang, 2009).  
Lychee is a non-climacteric, seasonal fruit and the harvested season is 
during May-July (Northern Hemisphere) or November–February (Southern 
Hemisphere) (Sinha, Sidhu, Barta, Wu, & Cano, 2012). Most lychees are 
consumed as fresh fruits. However, the ripe fruits suffer from drying-out and 
rapid browning of the bright red pericarp after being harvested, which reduces 
their appeal to consumers and becomes one of the major obstacles in the 
postharvest fruit chain (Coates, Zhou, & Sittigul, 2005).  
The main compounds in lychee pericarp tissues are phenolic compounds, 
including flavonoids (flavanols, proanthocyanidins and anthocyanidins), 
which can produce the browning products by enzymatic oxidation (Sun, Jiang, 
Shi, Wei, Xue, & Shi, 2010). Some lychees are processed to produce various 
products, such as canned, frozen and dried lychees or are used in producing 
beverages (Jiang, Wang, Song, & Liu, 2006; Zhao, Hu, Yu, & Wu, 2014). 
However, the original flavour, colour and nutrients in the fruit are often not 
preserved after processing. Besides the processing methods mentioned above, 
lychee wine fermentation is an alternative method to add value. 
2 
 
Lychee fruits are suitable to produce fruit wine. Mature lychee is high in 
juice yield (moisture ranging from 77% to 83%). It can yield a sugar content 
of 100 g/L-206 g/L, including sucrose, glucose and fructose (Sinha et al., 
2012). It contains significant amounts of ascorbic acid (40-90 mg/100g flesh), 
2-3 g/L of organic acids, less than 1% of fat and 0.9% protein (Sinha et al., 
2012). About 44% of the total amino acids in the fruit are essential amino 
acids, which cannot be synthesised by the human body (Wai-Kit, David, & 
Faxin, 2005).  
The lychee fruit has a rose-floral and citrus-like aroma and a palatable 
sweet taste. Johnston, Welch, & Hunter (1980) firstly identified 42 volatiles in 
freshly macerated lychee from Florida, including 2-phenylethyl alcohol and 
terpenoids. Ong & Acree (1998) detected at least 60 odour-active volatiles in 
the lychee fruit (cv. Nuomi Ci) from China. Among the volatiles, 
2-phenylethyl alcohol was likely responsible for the floral character, cis-rose 
oxide and several odour-active terpenoids (particularly geraniol) could 
contribute to the desirable lychee odour and citrus-fruity aroma, respectively.  
Similarly, Li, Hao, Zhong, Dang, & Xie (2009) identified a total of 44 
volatiles in fresh lychee juice (cv. Feizi Xiao) from China, including 17 
alcohols, 5 esters, 2 ketones, 9 alkenes, 2 acids, 7 aldehydes and 2 furans, 
among which 2-phenylethyl alcohol and terpenoids constitute the major 
portion of the volatiles. Chyau, Ko, Chang, & Mau (2003) identified the main 
voltiles in the free fraction were acetoin, geraniol, 3-methyl-2-buten-1-ol, 
octanoic acid, 2-phenylethanol, cis-ocimene, and butyric acid, as well as the 
main volatiles in bound fraction (geraniol and geranial). The free volatile 
fraction showed a fresh-fruity and lychee-like aroma, while the bound fraction 
showed a lychee-like aroma after enzymatic hydrolysis. Mahattanatawee, 
Perez-Cacho, Davenport, & Rouseff (2007) identified 24 odour volatiles in all 




1.1.2 Lychee wine 
Compared with lychee fruits, studies on lychee wine fermentation and 
volatiles in lychee wines are limited. Lychee wines are generally produced by 
alcoholic fermentation (AF) with Saccharomyces cerevisiae, which can 
complete the fermentation process in 10-14 days and produce 8%-12% (v/v) 
of ethanol and esters of high odour activity values (OAVs) (Alves, de Oliveira 
Lima, Nunes, Dias, & Schwan, 2011; Singh & Kaur, 2009; Wu, Zhu, Tu, 
Duan, & Pan, 2011). Colour, flavour, taste and style were influencing factors 
of lychee wine quality (Peng et al., 2014). 
Nine varieties of lychee in China were evaluated for their suitability as 
fermentation substrates with several varieties including Xianpo Guo, Nuomi 
Ci, Feizi Xiao and Huai Zhi, which were deemed suitable for lychee wine 
production (Niu, Yang, Liang, & Yang, 2006). Low temperature (<20°C) 
fermentation has been used as it preserves the typical aroma of lychee wine, 
controls the production of volatile acid contents (Gao, Zeng, Peng, & Chen, 
2010; Li, Gu, & Xiao, 2007). The value of pH is usually adjusted to 3.5 or 
below in order to reduce the production of higher alcohols
 
and control growth 
of undesirable microorganisms (Jiang, Zhang, Chen, & Xiao, 2008). The sugar 
level of lychee juice should be adjusted to 20% to prevent slow or stagnant 
fermentation (Bian, Xu, Yang, & Li, 2006). 
The major chemical constituents of lychee wines include a variety of 
alcohols, organic acids, terpenoids and esters. Zeng, Chen, Qin, & Zhang 
(2008) analysed the composition of lychee wine and identified 33 aroma 
compounds, including 16 esters, 5 alcohols, 4 acids, 2 ketones, 1 phenol and 4 
other chemicals, among which ethyl octanoate, ethyl decylate, acetic ester, 
ethyl hexanoate, acetic isopentyl ester and citronel ethyl acetate were the main 
constituents. Wu et al. (2011) compared the volatiles of lychee wines under 
different storage conditions. They found that ethyl octanote, isoamyl acetate, 
ethyl hexanoate, ethyl butanoate, cis-rose oxide, and trans-rose oxide had high 
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OAVs, which contributed floral and fruity attributes in young lychee wines. 
Furthermore, more esters (mainly ethyl acatete, ethyl hexanoate, ethyl 
decanote, and ethyl ocatnoate) were detected in the lychee wine fermented at 
13°C than at 18°C, while more alcohols (such as isoamyl alcohol and active 
amyl alcohol) were significantly higher in the lychee wine fermented at 18°C 
(Deng & Huang, 2013). Addition of 60 mg/L glutamate and 60 mg/L arginine 
into lychee juice could significantly improve the rate of fermentation, promote 
yeast growth and the rate of ethanol production
 
(Zhang, Zeng, Chen, & Yu, 
2008). Glutamate could also improve the aroma of lychee wine through the 
increase of ethyl decanoate production and reduction of higher alcohols and 
acetic acid content
 
(Zhang, Zeng, Chen, & Yu, 2008). In contrast, the addition 
of propionic acid potassium increased the volatile fatty acids (Yang, Zhang, 
Chen, & Wu, 2004). 
Some studies focused on the effects of yeast strains on lychee wine 
flavour and some suitable strains were selected for lychee wine fermentation. 
Alves et al. (2011) selected one acceptable strain S. cerevisiae UFLA CA1183 
from three S. cerevisiae UFLA CA strains (CA116, CA1183 and CA1174) for 
lychee wine fermentation, by which the resultant wine showed the most 
complex aroma profile and achieved good acceptance in sensory analysis. 
Singh & Kaur (2009) selected S. cerevisiae MTCC 178 as the most effective 
strain among four strains (S. cerevisiae MTCC 177, MTCC 178, MTCC 179 
and MTCC 180).  
Besides S. cerevisiae strains, the role of non-Saccharomyces yeasts in AF 
has been evaluated for newer styles of wine. One non-Saccharomyces yeast 
strain Hansenula anomala Y4 strain was selected for the production of 
low-alcohol lychee wine with an enjoyable flavour (Tan, Sai, Yang, & Hong, 
2009). Jian, Yang, Chen, & Tan (2011) used the mixed aroma-producing 
yeasts Kloeckera apiculata (Y2) and Hansenula anomala to ferment 
low-alcohol lychee fermentation. In spite of the studies described above, it is 
still not fully understood how yeast strains affect the chemical and volatile 
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profiles of lychee wines, especially those aroma-impact volatiles from lychee. 
Therefore, one objective of this project was to select an appropriate yeast 
strain for the AF of lychee wine. 
1.2 Alcoholic fermentation by yeasts  
In AF, sugars (mainly glucose, fructose or sucrose) in must are converted 
into ethanol and CO2 under anaerobic conditions (Figure 1.1). In addition, 
glycerol, higher alcohols, esters, and some acids are also produced during AF.  
For spontaneous AF, Kloeckera, Hanseniaspora and Candida usually 
predominate in the early stages, followed by Pichia and Metschnikowia in the 
middle stages and S. cerevisiae in the latter stages, with increasing resistance 
to high ethanol concentration (Fleet & Heard, 1993). However, modern 
winemaking relies on the use of selected dry yeast in order to control AF and 
impact the flavour of the resultant wine (Romano, Fiore, Paraggio, Caruso, & 
Capece, 2003). Saccharomyces yeasts are favoured for the industrial 
production of wines due to their better adaption to fermenting grape musts in 
monoculture, although non-Saccharomyces yeasts (such as Torulaspora, 
Williopsis, Candida, Pichia, Hanseniaspora and Kloeckera) are also used in 
certain circumstances to generate wines with a greater diversity of flavour 



























































































Figure 1. 1 Sugar metabolism in the yeast cell  
(Modified after Cherry et al., 2012; Zamora, 2009) 
 
1.2.1 Saccharomyces and non-Saccharomyces yeasts  
The wine fermented by Saccharomyces species can reach 8-16% (v/v) of 
ethanol, 4-14 g/L of polyols, 5-9 g/L of acids and 0.2-2 g/L of phenolics, as 
well as residual sugars (Ugliano & Henschke, 2009). In Saccharomyces 
species, S. cerevisiae and S. bayanus (formerly S. uvarum) are two main 
species found during AF (Sipiczki, 2002). Most wines are fermented with S. 
cerevisiae strains, which controllably ferment the juice and are tolerant of high 
sugar, acidic, alcoholic and anaerobic conditions (Fleet, 2003). S. cerevisiae 
have a good ethanol tolerance mainly because of plasma membrane 
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phospholipids. In addition, the concentration of unsaturated fatty acids, 
vitamins and proteins also affect the ethanol tolerance, as well as some 
physiological factors (such as temperature and osmotic pressure). 
Some S. cerevisiae strains produce higher amounts of important acetate 
esters (e.g. ethyl acetate, isoamyl acetate, 2-phenylethyl acetate, and hexyl 
acetate) and ethyl esters (e.g. ethyl hexanaote, ethyl octanaote, ethyl decanaote 
and ethyl dodecanaote), which are named as estery yeasts (van der Merwe & 
van Wyk, 1981); while some S. cerevisiae strains release the fruity, 
polyfunctional thiols (such as 4-mercapto-4-methylpentan-2-one, 
3-mercaptohexan-1-ol and 3- mercaptohexyl acetate), enhancing the 
grape-derived flavour and thus are described as varietal enhancing yeasts 
(Dubourdieu, Tominaga, Mnsneuf, Peyrot de Gachons, & Murat, 2006).  
S. bayanus is cryotolerant and usually used in cool climate winemaking 
regions. S. bayanus strains can also increase the amounts of fruity, 
polyfunctional thiols with the high ability to hydrolyse S-cysteinylated 
conjugates (Dubourdieu et al., 2006), as well as produce methoxypyrazines 
(Bellon et al., 2008). 
Some non-Saccharomyces species are also used as starter cultures of AF 
and impact the volatiles of wine (Table 1.1). T. delbrueckii (anamorp C. 
colliculosa; formerly S. rosei) is one of the non-Saccharomyces yeasts which 
is studied most on its potential as a starter in grape and mango wine 
fermentation due to its moderate tolerance to ethanol (<16.5 % v/v) (Azzolini 
et al., 2012) and positive effect on the chemical and sensory character of wine. 
This yeast had comparatively low production of acetic acid, ethyl acetate, 
acetaldehyde and acetoin, and its resultant grape wine was similar to those 





Table 1.1 Principal characteristics of selected Saccharomyces and 
non-Saccharomyces yeasts 
Genus species Characteristics 
Saccharomyces cerevisiae High fermentative, tropical fruity 
Torulaspora delbrueckii Osmotolerant, low volatile acidity 
Williopsis saturnus High volatile acidity, acetate esters 
Kluyveromyces lactis Flavour complexity 
 
W. saturnus yeasts are used in grape and other tropical/subtropical fruit 
wines, including durian, papaya, mango and longan wines (Lee, Chong, Yu, 
Curran, & Liu, 2012a; Lee, Ong, Yu,, Curran, & Liu, 2010; Lee, Saputra, Yu, 
Curran, & Liu, 2012b; Lee, Saputra, Yu, Curran, & Liu, 2012c; Li, Yu Curran, 
& Liu, 2012; Trinh, Yu, Curran, & Liu, 2012). Compared with S. cerevisiae, W. 
saturnus yeasts were weak in producing ethanol (2-4% v/v) with 
overproduction of acetic acid and ethyl acetate. W. saturnus yeasts also 
produce high levels of some acetate esters (e.g. isoamyl acetate, 2-phenylethyl 
acetate) for fruity notes and lower the production of off-flavour compounds 
such as short- to medium-chain fatty acids in wines.  
Kluyveromyces lactis is generally described as an aerboic yeast and is 
previously known as S. lactis. However, the physiological properties of this 
yeast are vastly different from those of S. cerevisiae (Bolotin-Fukuhara et al., 
2000). K. lactis is commonly used in dairy fermentation and was found to 
produce terpenes, as well as alcohols, aldehydes and esters when cultured 
alone or in association in cheese curd (Martin, Berger, Le Du, & Spinnler, 
2001). Although the yeast is not commonly associated with winemaking, it 
produces alcohol acetyltransferase activity which is used for the production of 
acetate esters from an alcohol and acetyl-CoA (Van Laere, Saerens, Verstrepen, 
& Van Dijck, 2008); these acetate esters impart fruity flavour notes to wine.  
Actually, few non-Saccharomyces yeasts are capable of completing 
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fermentation or are used alone due to their limited fermentation power, low 
SO2 tolerance and increased production of less desirable metabolites (such as 
acetic acid, ethyl acetate, acetaldehyde and acetoin) (Comitini et al., 2011). 
Therefore, non-Saccharomyces species are usually co-inoculated or 
sequentially inoculated with Saccharomyces strains to complete fermentation 
and to enhance the wine aroma intensity and flavour complexity. 
T. delbrueckii is sensitive to anaerobic conditions and may lead to the 
incomplete fermentation by pure T. delbrueckii (Bely, Stoeckle, 
Masneuf-Pomarède, & Dubourdieu, 2008; Taillandier, Lai, Julien-Ortiz, & 
Brandam, 2014) and it was usually studied in sequential or simultaneous 
fermentation with S. cerevisiae in fruit wine (Sadineni, Kondapalli, & Obulam, 
2012). Azzolini et al. (2012) used T. delbrueckii TD291and S.cerevisiae Lalvin 
EC1118 as a mixed-culture in Amarone wine fermentation, which was 
completed and the resultant wine contained higher levels of geraniol, linalool 
and a-terpineol and lower levels of volatile acidity, C4-C10 fatty acids and 
ethyl acetate than the wine fermented with a S. cerevisiae monoculture.  
W. saturnus is also studied in sequential or co-culture with S. cerevisiae 
for grape and other fruit wine fermentations. For durian wine, the 
mixed-culture of S. cerevisiae and W. saturnus (at a ratio of 1:1000) had 
similar volatiles to the S. cerevisiae monoculture, except for higher amounts 
of alcohols (isoamyl alcohol and active amyl alcohol) (Lee et al., 2012b). 
Similar results were also reported in grape wine fermentation (Lee et al., 
2012c). For the sequential fermentation, Lee et al. (2012a) found the first 
inoculated yeast dominated the fermentation. Inoculation of W. saturnus after 
S. cerevisiae did not affect the amounts of most volatiles in papaya wine, with 
the exception of the enhanced formation of ethyl esters, while initial 
inoculation of W. saturnus resulted in more acetate esters and fruitiness than 
the simultaneous inoculation. In addition, the effect of inoculation ratio of 
mixed yeasts was also studied. Trinh, Curran, & Liu, (2011) found the ratio of 
S. cerevisiae and W. saturnus at 1:100 affected the volatiles in longan wine 
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more than the ratio of 1:1000. 
1.2.2 Sugar metabolism by Saccharomyces and non-Saccharomyces yeasts  
Sugar metabolism by yeasts includes two different pathways: 
fermentation and respiration (Racker, 1974), as illustrated in Figure 1.1. Both 
pathways begin with glycolysis, which is the main pathway for sugar 
catabolism and generates pyruvate as a final product of glycolysis. Glycolysis 
involves a sequence of chemical reactions for breaking down each molecule of 
hexoses to two molecules of pyruvate and gains net energy of two ATP 
(Barnett, 2003).  
Pyruvate is decarboxylated to generate acetaldehyde, which is then 
reduced into ethanol, and thus the so-called alcoholic fermentation. AF 
regenerates the NAD
+
 requited to support its consumption of sugars during 
glycolysis (Barnett & Entian, 2005).  
Pyruvate can also be transformed into acetyl-CoA by pyruvate 
dehydrogenase or by conversion of acetaldehyde (Cherry et al., 2012) (Figure 
1.1). The acetyl-CoA then enters the tricarboxylic acid (TCA) cycle in the 
respiration process. In the TCA cycle, some organic acids are produced and 
are exported out of the cells via cell-membrane transporters, some of which 





/FADH2) are also involved in the TCA cycle. 
The overall energy gained via the respiration process can reach 36-38 of ATP 
per hexose. However, it needs oxygen as a substrate and it is inhibited by high 
sugar concentration (Zamora, 2009). 
Another intermediate of glycolysis, dihydroxyacetone phosphate (DHAP) 
can be converted into glycerol and regenerate NAD
+
 to sustain glycolytic 
catabolism under anaerobic conditions, which is called glyceropyruvic 
fermentation (Prior & Hohmann, 1996) (Figure 1.1). Intracellular glycerol 
acts as a compatible solute in cells when faced with osmotic stress (e.g., high 
glucose medium) (Cronwright, Rohwer, & Prior, 2002). Glycerol is known to 
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have positive effects on wine quality by enhancing the mouthfeel through an 
increase in viscosity and smoothness with the taste detection threshold of 
0.52 % (w/v) (Noble & Bursick, 1984). 
1.2.3 Formation of esters and terpenes by Saccharomyces and 
non-Saccharomyces yeasts  
Esters derived from fermentation are key contributors to wine fruitiness. 
In ester formation, an acid molecule is first activated by combining with 
coenzyme A (CoA) to produce an acyl-CoA, which then reacts with an alcohol 
to generate an ester. Acyl-CoAs can also be derived from sugar and amino 
acid catabolism, and fatty acyl-CoA can be derived rom fatty acid metabolism.  
Acetate esters are formed by condensation of acetyl-CoA and higher alcohols 
in a reaction catalysed by alcohol acetyltransferase enzymes (Mason & Dufour, 
2000). The acetyltransferase enzymes (Atf1p and Atf2p) in Saccharomyces 
yeast are encoded by the genes ATF1 and ATF2 and regulate the synthesis of 
acetate esters (Lilly, Bauer, Lambrechts, Swiegers, Cozzolino, & Pretorius, 
2006). Compared with S. cerevisiae, W. saturnus possess significant alcohol 
acetyltransferase and alcohol acyltransferase activities (Inoue, Trevanichi, 
Fukuda, Izawa, Wakai, & Kimura, 1997; Lee et al., 2012b), and thus it is a 
good producer of acetate esters to enhance the fruity flavour in wines.  
Ethyl fatty acid esters are hypothesised via the reaction of ethanol and 
fatty acyl-CoAs, which can be obtained as the activated fatty acids from lipid 
oxidation or from the α-keto acid intermediates in the Ehrlich pathway 
(Jackson, 2008; Ugliano & Henschke, 2009). Therefore, the formation of 
esters depends on the level of enzyme activity and availability of precursors 
(Saerens, Delvaux, Verstrepen, van Dijck, Thevelein, & Delvaux, 2008). Ester 
hydrolysis by esterase enzymes (the IAH1- and TIP1-encoded esterases) also 
occurs during fermentation, and the net amount of esters depends on the 
balance of their formation and hydrolysis (Saerens, Delvaux, Verstrepen, & 
Thevelein, 2010).  
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During winemaking, monoterpenols can be released from odourless 
bound terpenoids by the action of glycosidase enzymes, enhancing the 
terpenoid aromas in wines (Swiegers, Bartowsky, Henschke, & Pretorius, 
2005). The hydrolysis process involves two steps. Firstly, 1,6-glycosidic 
linkage is cleaved from an α-L-rhamnosidase and an α-L-arabinofuranosidase 
or a β-D-apiofuranosidase, and then the monoterpenols are liberated from the 
monoterpenyl β-D-glucosides by the β-glucosidase (Günata, Bitteur, Brillouet, 
Bayonove, & Cordon-nier, 1988).  
Some S. cerevisiae strains are reported to have low β-glucosidase and 
other glycosidases activities (Fernández-González, Di Stefano, & Briones, 
2003; King & Dickinson, 2000), while some non-Saccharomyces yeasts are 
found to produce higher levels of β-glucosidase, such as Torulaspora, 
Hanseniaspora, Debaryomyces and Candida yeasts (Charoenchai et al., 1997). 
β-Glucosidase activity in yeasts is affected by pH, temperature, and the levels 
of sugar and ethanol. The enzyme activity also diminishes with increasing 
fermentation time (Maturano et al., 2012).  
Besides yeast-derived glycosidases, S. cerevisiae, T. delbrueckii and K. 
lactis were found to produce monoterpenoids by biotransformation reactions 
(Carrau et al., 2005; King & Dickinson, 2000). The biotransformation 
reactions by the yeasts are summarised in Figure 1.2, including reduction (I 
geraniol to citronellol, except T. delbruecki), translocation (II geraniol and III 
nerol to linalool), cyclicization (IV linalool and V nerol to α-terpineol), 
hydration (VI α-terpineol to terpin hydrate) and isomerisations (VII nerol to 
geraniol, except S. cerevisiae) (King & Dickinson, 2000).  
The biotransformation reactions by yeasts mainly increase the production 
of linalool and α-terpineol, while the sensory threshold of α-terpineol is 4.6 
times lower than that of linalool. Therefore, conversion of nerol into linalool 
would be beneficial, and conversion of linalool into α-terpineol may reduce 
sensory impact. T. delbrueckii produces no citronellol and linalool is the only 
product from geraniol, thus T. delbrueckii can contribute a more Muscat-like 
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aroma with higher amounts of linalool in the wine than S. cerevisiae (King & 
Dickinson, 2000). 
 
Figure 1.2 The monoterpenoid biotransformation reactions catalysed by S. 
cerevisiae, T. delbrueckii and K. lactis  
(Adopted from King & Dickinson, 2000) 
 
W. saturnus yeasts have also been reported to increase the levels of main 
terpenols (linalool, citronellol and a-terpineol), produce some terpenoid esters 
(citronellyl acetate and neryl acetate) and retain the concentration of cis-rose 
oxide in mango (Li et al., 2012), which might indicate that mango fruit contain 
glycosidase. However, little is known about the glycosidase activity or 
monoterpenoids biotransformation by W. saturnus. 
1.3 Malolactic fermentation by O.oeni 
AF with yeast strains is widely used in winemaking to produce ethanol. 
Malolactic fermentation (MLF) with bacteria strain can be used as an 
important secondary fermentation for deacidification, raising the pH (for 
high-acid wine produced in cool-climate) and giving the wine a smoother taste 
by flavour (aroma and volatiles) modification.  
In grape (especially red grape) wine fermentation, both the AF and MLF 
contribute to the flavour quality of wine. During MLF, L-malic acid (a tart 
tasting acid) is converted into L-lactic acid (a much softer acid) and CO2 by 
the malolactic enzyme, which is present in various lactic acid bacteria (LAB) 
Geraniol Citronellol










(Osborne & Edwards, 2007). However, uncontrolled MLF could release some 
off-flavours (e.g. acetic acid, volatile phenols and mousiness) or hazardous 
compounds and precursors (such as ethyl carbamate and biogenic amines) to 
human health (Costantini, Garcia-Moruno, & Moreno-Arribas, 2009). 
Among LAB, Lactobacillus, Oenococcus and Pediococcus are able to 
grow in wine and contribute to MLF under the conditions of unfavourable 
(low pH, high ethanol concentration and low nutrients) conditions (Swiegers 
et al., 2005). O. oeni is usually used as the well adapted strain for the 
induction MLF to the conditions of low pH (<3.5), high ethanol (>10 % v/v) 
and high SO2 levels (50 mg/L) (Henschke, 1993). O. oeni is a Gram-positive, 
facultative aciduric anaerobe and heterofermentative bacterium. The growth of 
O. oeni in wine depends largely on sugars, organic acids and amino acids, and 
can be increased when the fermentation temperature around 20-25
o
C 
(Costantini et al., 2009). 
1.3.1 Metabolism of sugars and organic acids by O.oeni 
The sugar and organic acid metabolism by O.oeni includes three phases 
(Krieger, Lemperle, & Ernst, 2000). Sugar catabolism occurs in the Phase I 
(the growth phase I) with little production of acetic and lactic acids, while 
minimal malic and citric acids are metabolised in this phase. The hexoses 
(glucose and fructose) and pentoses (arabionose and ribose) can be used as the 
substrates for the growth of O. oeni by phosphoketolase pathway (Zhang & 
Lovitt, 2005), while fructose would be used as an electron acceptor via 
mannitol pathway when it is co-fermented with glucose (Richter, Hamann, & 
Unden, 2003).  
In the phosphoketolase pathway (Figure 1.3), hexoses are first converted 
into a pentose by oxidation and decarboxylation, releasing CO2 and 4 extra [H] 
or 2 NADH. The 4 extra [H] are used by acetyl-P (or acetyl-CoA) to produce 
ethanol via ethanol pathway instead of producing acetic acid. Pentose is 
degraded to form pyruvate, releasing 2 extra [H] (1 NADH), which is then 
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reoxidised by reducing pyruvate to lactic acid (Nielsen & Richelieu, 1999). 
The regeneration of NADH is the key in sugar metabolism by O.oeni. 
Compared with the high activities of the phosphoketolase pathway enzymes, 
the activity of ethanol pathway enzymes is lower, which thus causes the low 
production of ethanol and the slow growth of O.oeni (Richter, Vlad, & Unden, 
2001). However, some external electron acceptors (such as fructose, citric acid, 
pyruvate and O2) have higher capacity of NADH reoxidation than acetyl-P (or 




























Figure 1.3 Fermentation of hexoses via the phosphoketolase pathway and the 
reoxidation of NADH by O. oeni in the presence of external electron acceptors 
(fructose, pyruvate, citric acid, and O2)  
(Modified after Unden & Zaunmüller, 2009) 
The catabolism of sugar ceases in the Phase II, and the metabolism of 
L-malic acid, as the main reaction of MLF, occurs in this stage. L-malic acid 
is decarboxylated into L-lactic acid and CO2 under the activity of the 





 as cofactors (Costantini et al., 2009). During malic acid 
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metabolism, no acetic acid is produced (Swiegers et al., 2005). 
In the final Phase III, the metabolism of citric acid starts, which is 
cleaved by citrate lyase. As mentioned above, citric acid is utilised as an 
electron acceptor (indirect or via oxaloacetic and pyruvic acid) by O. oeni for 
NADH reoxidation, during which acetic and lactic acids are produced (Figure 
1.3). Therefore, the metabolism of citric acid normally occurs after the 
metabolisms of sugars and L-malic acid, resulting in the increase of acetic 
acid.  
1.3.2 Formation of esters and terpenes by O.oeni  
Some O. oeni strains were reported to possess glycosidase activities 
(Gagne et al., 2011), and can release monoterpenes to enhance the fruity and 
floral flavour of the wine (Sumby, Grbin, & Jiranek, 2014). Besides 
glycosidase and malolactic enzyme, some O. oeni strains were found to 
hydrolyse the ester substrates via esterase activity (Davis, Wibowo, 
Eschenbruch, Lee, & Fleet, 1985) and hydrolyse the macromolecular nitrogen 
fraction to enrich amino acids and peptides via protease activity (Manca de 
Nadra, Farias, Moreno-Arribas, Pueyo, & Polo, 1999).  
Ethyl acetate, ethyl hexanoate, ethyl lactate, and ethyl octanoate were 
reported to increase after the MLF, while some esters decreased (Delaquis et 
al., 2000; Gambaro et al., 2001). Therefore, aside from impacts on terpenes 
and terpenoids by glycosides, MLF can also modify esters by esterase and 
increase bacterial growth by protease. 
1.3.3 Sequential and simultaneous alcoholic and malolactic fermentations  
In traditional grape wine fermentations, MLF is usually carried out just 
after the completion of AF either spontaneously or by inoculation with a 
starter culture. However, not all bacteria can easily grow after AF because of 
the harsh physico-chemical conditions of wine, such as low pH (<3.5)and 
deficiency in nutrients, the presence of SO2 (>50 mg/L), as well as ethanol (>4% 
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v/v), medium-chain fatty acids, phenolic compounds (e.g. phenolic acids, 
tannins), and inhibitory proteins (e.g. 3-10 kDa) and/or peptides from S. 
cerevisiae , which all could inhibit bacterial growth (Alexandrea, Costellob, 
Remizec, Guzzoc, & Guilloux-Benatiera, 2004). Therefore, some researchers 
simultaneously inoculated yeast and bacterial cultures at the beginning of the 
winemaking.  
Co-fermentation has been successfully carried out for obtaining fast and 
reliable MLF in grape and apple musts (Alexandrea et al., 2004; Zapparoli, 
Tosi, Azzolini, Vagnoli, & Krieger, 2009). Abrahamse & Bartowsky (2012) 
reported that simultaneous inoculation of bacteria and yeast did not affect the 
efficiency of primary AF and produced a distinct volatile profile for Shiraz 
wine. Cañas et al. (2012) presented that early addition of O. oeni reduced the 
fermentation time for Tempranillo and Merlot wines and did not or only 
minimally increased volatile acidity. There yet to be any study done on MLF 
in lychee wine to improve the flavour. 
1.4 Nitrogen sources in musts during alcoholic fermentation 
Besides yeast strains, the nitrogen content of juices (musts) is a key factor 
in AF, which regulates yeast metabolism, fermentation rate and ultimately 
influences the composition of aroma compounds in wine. Nitrogen deficiency 
of the musts may cause sluggish or stuck fermentations in the winery (Moreira, 
de Pinho, Santos, & Vasconcelos, 2011).  
In general, an increase in the nitrogen content of musts results in reduced 
formation of aliphatic higher alcohols, hydrogen sulphide and increased 
formation of esters in wine, although the effects vary with respect to the yeast 
strain, nitrogen status of musts and experimental conditions (Hernandez-Orte, 
Bely, Cacho, & Ferreira, 2006; Moreira et al., 2011). However, the addition of 
large quantities of nitrogen in the form of ammonium (typically as 
diammonium phosphate, DAP) to the musts can result in microbiological 
instability and increased production of ethyl acetate and acetic acid as well as 
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carcinogenic ethyl carbamate (Garde-Cerdan & Ancin-Azpilicueta, 2008).  
Alternatively, the addition of a mixture of amino acids may enhance the 
utilisation of the respective amino acids and possibly alter the aroma profile of 
the grape wine produced. In another study, the formation of total esters, 
isoamyl acetate, 2-phenylethyl acetate and 2-phenylethanol and total acids was 
found to be directly proportional to the amount of amino acids added to the 
musts (Garde-Cerdan & Ancin-Azpilicueta, 2008).  
It may be a better option to supplement musts with specific amino acids 
to positively modulate wine aroma, which has hardly been explored in grape 
wine or fruit wine fermentation with S. cerevisiae, instead of ammonium or a 
mixture of amino acids. Supplementation with specific amino acids (especially 
if added singly) may have targeted effects (Lee, Toh, Yu, Curran, & Liu, 2013; 
Lee, Yu, Curran, & Liu, 2011; Trinh, Woon, Yu, Curran, & Liu, 2010), 
relative to the generic effects of adding ammonium or mixed amino acids 
described above.  
Therefore, it would be of interest to examine the impact of addition of 
specific amino acids on the evolution of volatile compounds in wines. Among 
the amino acids, aromatic amino acids and branched-chain amino acids 
contribute to the formation of higher alcohols via Ehrlich pathway (Figure 1.4, 
Figure 1.5) during fermentation. 
1.4.1 Catabolism of aromatic amino acids by yeasts 
The catabolism of aromatic amino acids (L-phenylalanine, L-tryptophan 
and L-tyrosine) via the Ehrlich pathway is presented in Figure 1.4. The 
aromatic amino acids are transported from grape juice to yeast cells by Tat1p 
and Tat2p, and also Gap1p and Bap2p (Regenberg, During-Olsen, 
Kielland-Brandt, & Holmberg, 1999). Through the Ehrlich pathway, aromatic 
amino acids are firstly transaminated to form α- keto acids by aromatic amino 
acid transferases (Aro8p and Aro9p), which are then convert into their 
corresponding aldehydes by pyruvate decarboxylases (Pdc1p, Pdc5p, Pdc6p, 
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and Aro10p). The aromatic aldehydes may be oxidised to form the 
corresponding acids by aldehyde dehydrogenases (Ald1p-Ald6p) but are 
mainly reduced to form aromatic alcohols by alcohol dehydrogenases 
(Adh1p-Adh6p, Sfa1p) (Lilly et al., 2006). 
 
Figure 1.4 Catabolism of aromatic amino acids via the Ehrlich pathway.  
α-KG – α-ketoglutarate; Glu – glutamate 
(Modified after Ugliano & Henschke, 2009) 
 
Therefore, 2-phenylethyl alcohol, tryptophol and tyrosol is produced 
from L-phenylalanine, L-tryptophan and L-tyrosine via Ehrlich pathway, 
respectively (Figure 1.4). 2-Phenylethyl alcohol is a main volatile compound 
responsible for the floral and rose-like notes of lychee (Johnston et al., 1980). 
In contrast, tryptophol and tyrosol may be considered undesirable since 
tryptophol gives a solvent-like odour and tyrosol gives a bitter taste. However, 
they can contribute to wine aroma complexity at low concentrations (<300 mg 
L) (Juan, Pozo-Bayón, & Moreno-Arribas, 2012). Tryptophan metabolism by 
yeasts could also produce volatiles such indole that is often associated with 
floral notes at low concentrations, while at high concentrations, it gives rise to 
































































Sefton, 2010; Boylston, Chen, Coggins, Hyldig, McKee, & Kerth, 2012).  
In addition, tryptophol was reported to have antibiotic activities besides 
inducing sleep, and tyrosol was likely to have antioxidant activities to protect 
the heart (Guzmán-López, Trigos, Fernández, Jesús, & Saucedo-Castañeda, 
2007; Soejima, Ksuge, Yoshimura, Sawada, & Kitagaki, 2012). The aromatic 
alcohols can also serve as precursors for the formation of mostly acetate esters 
which can impact positively on the aroma of the wines produced (Lee et al., 
2011).  
1.4.2 Catabolism of branched-chain amino acids by yeasts 
Branched-chain amino acids (L-valine, L-leucine and L-isoleucine) can 
be transformed into branched-chain aldehydes, carboxylic acids and alcohols 
(isobutyl, isoamyl, active amyl alcohol, respectively) via the Ehrlich pathway, 
as illustrated in Figure 1.5. (Styger, Prior, & Bauer, 2011; Ugliano & 
Henschke, 2009). The branched-chain amino acids are taken up by the 
branched-chain amino acid permease (Bap2p and Bap3p) and the general 
amino acid permease (Gap1p). The amino acid is firstly transaminated by 
α-ketoglutarate (α-KG) to produce an α-keto acid by branched-chain amino 
acid transferases (Bat1p and Bat2p) (Hazelwood, Daran, van Maris, Pronk, & 
Dickinson, 2008).  
Similar to aromatic amino acid catabolism, the α-keto acid can be 
decarboxylated to form a corresponding branched-chain aldehyde, which can 
then be oxidised to give a carboxylic acid or reduced to produce an alcohol 
(Hazelwood et al., 2008), involving NAD
+
 and NADH. This balance between 
oxidation and reduction depends on the intracellular redox balance, 
temperature, availability of precursors and the strain of yeast used 
(Hazelwood et al., 2008; Styger, Jacobson, Prior, & Bauer, 2013). The 
branched-chain alcohols (isobutyl, isoamyl, active amyl alcohol) contribute 





Figure 1.5 Catabolism of branched-chain amino acids via Ehrlich pathway. 
α-KG – α-ketoglutarate; Glu – glutamate 
(Modified after Styger, Prior, & Bauer, 2011; Ugliano & Henschke, 2009) 
 
Since amino acid metabolism influences the formation of higher alcohols, 
which are the precursors of corresponding esters, amino acid supplementation 
is also likely to affect the amounts and types of esters formed. Consequently, 
other metabolic reactions involving these compounds will be affected, and this 
may ultimately affect the overall wine flavour. 
 
1.5 Objectives of project 
In this project, the various aspects of lychee wine fermentation were 
studied, aiming to enhance the flavour compounds formation in lychee wine. 
This project consisted of several approaches: (1) Evaluation of lychee wine AF 
by momocultures or mixed-cultures of Saccharomyces and 
non-Saccharomyces yeasts; (2) Examining the effect of simultaneous AF and 































































single amino acid (aromatic and branched-chain amino acids) on the AF of 
lychee wine. The specific objectives included: 
1. To evaluate the chemical and volatile composition of the resultant lychee 
wines fermented with four commercial wine yeast strains of S. cerevisiae 
(EC-1118, R2, 71B and MERIT.ferm). The information gained would be 
useful for strain selection in order to produce lychee wines with 
differential characteristics. (Chapter 3)  
2. To assess performance of three non-Saccharomyces yeasts (T. delbrueckii 
PRELUDE, W. saturnus NCYC22 and K. lactis KL71) in lychee wine 
fermentation, with special attention being paid to their impact on the 
contributions of terpenes and terpenoids to lychee wine flavour. (Chapter 
4) 
3. To study effects of T. delbrueckii PRELUDE and S. cerevisiae MERIT.ferm 
on the non-volatile and volatile compounds of lychee wines by mono-, 
sequential and simultaneous cultures for the first time. The result gained 
may provide a way to retain the characteristic flavour of lychee fruit and 
enrich the flavour produced during fermentation. (Chapter 5) 
4. To examine the effects of co-inoculating S. cerevisiae and O. oeni into 
lychee wine, which may provide another way to retain the flavour from 
lychee fruit and enhance the flavour from fermentations. This was the first 
study of such kind. (Chapter 6)  
5. To investigate the effects of selective single amino acid addition 
(L-phenylalanine, L-tryptophan and L-tyrosine) on the fermentation 
kinetics, non-volatile and volatile compounds of lychee wine using a 
commercially available yeast strain, S. cerevisiae MERIT.ferm. The 
information gained would contribute to a better understanding of lychee 
wine fermentation and ways of selectively diversifying or accentuating the 
concentrations of targeted aroma compounds to enable wine style 
distinction or character enhancement. (Chapter 7)  
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6. To study the influence of single branched-chain amino acid addition 
(L-valine, L-leucine and L-isoleucine) on the chemical composition of 
lychee wine fermented with S. cerevisiae MERIT.ferm, which was an 





CHAPTER 2 Materials and methods 
2.1 Preparation of lychee juice  
Lychee fruits (L. chinensis Sonn. var. Nuomi Ci) imported from China 
were purchased from a local wholesale centre in Singapore. Unhealthy fruits 
were discarded and the remaining fruits were washed, pulps extracted 
manually and blended to obtain lychee juice for different laboratory-scale 
fermentations (Table 2.1). Lychee juice °Brix was adjusted with pure sucrose 
(SIS, Singapore) and juice was acidified with 50% (w/v) food grade DL-malic 
acid (Suntop Ltd, Singapore) (Table 2.1). The adjusted lychee juice was 
centrifuged at 14,000 rpm (16,873×g, Beckman Centrifuge, Palo Alto, CA, 
USA) at 4°C for 15 min. The resulting supernatant collected was then filtered 
through a 0.65-μm-pore-size prefilter, followed by a sterile 0.45-μm-pore-size 
microfilter (Sartorius Stedium Biotech, Goettingen, Germany). 
Table 2.1 Volume and adjustment of filter-sterilised lychee juice  
Chapter 
no. 
Volume of lychee 
juice (L) 
Adjustment of °Brix (%) Adjustment of pH 
Initial Ajusted Initial Ajusted 
3 3.5 15.6 23.0 6.7 3.5 
4 3.5 18.6 23.0 4.7 3.5 
5 3.5 16.1 20.0 5.6 3.4 
6 3.0 17.7 24.0 5.2 3.5 
7 3.5 15.6 23.0 6.7 3.5 
8 3.0 17.8 24.0 4.6 3.5 
 
2.2 Preparation of pre-culture  
Four S. cerevisiae commercial wine strains were used in the lychee 
fermentations, including S. cerevisiae var. cerevisiae MERIT.ferm (Chr.-Han., 
Denmark) (used in Chapters 3, 5, 6, 7, and 8), S. cerevisiae var. bayanus 
EC-1118 (Lallemand Inc., Brooklyn Park, Australia) (used in Chapter 3) , S. 
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cerevisiae var. bayanus R2 (Lallemand Inc., Brooklyn Park, Australia) (used 
in Chapter 3), S. cerevisiae var. cerevisiae 71B (Chr.-Han., Horsholm, 
Denmark) (used in Chapter 3). The freeze dried yeast cultures were 
propagated in a sterile nutrient broth (2% w/v glucose, 0.25% w/v yeast 
extract, 0.25% w/v bacteriological peptone and 0.25% w/v malt extract, pH 
5.0) for up to 48 h at 25°C and stored in aliquots of 1 mL at -80°C for the 
preparation of fresh juice pre-cultures. A pre-culture medium was prepared 
from sterilised lychee juice (30 mL), which was inoculated with 10% (v⁄v) of 
thawed yeast broth culture (previously stored at -80°C). The inoculated lychee 
juice was incubated at 25°C for 48 h under static conditions and yeasts grew to 
about 10
7
 CFU/mL.   
Three non-Saccharomyces yeasts T. delbrueckii PRELUDE (Christian 
Hansen, Denmark) (in Chapters 4 and 5), W. saturnus var. saturnus 
NCYC22 (National Collection of Yeast Cultures, Norwich, UK) (in Chapter 
4) and K. lactis KL71 (Danisco, Denmark) (in Chapter 4) were obtained in 
freeze-dried form. These cultures were also propagated in a sterile nutrient 
broth (2% w/v glucose, 0.25% w/v yeast extract, 0.25% w/v bacteriological 
peptone and 0.25% w/v malt extract, pH 5.0) and were incubated for 48 h at 
30°C. For pre-culture preparation, 30 mL of lychee juice were inoculated 
separately with 3 mL each of a non-Saccharomyces strain, which were 




In Chapter 6, O.oeni Viniflora
®
 Oenos (Chr.-Han, Horsholm, Denmark) 
was obtained in freeze-dried form, which was chosen out of two other O.oeni 
strains (Enoferm Beta and PN4) because of its fastest growth during 
co-fermentation in a preliminary test [Appendix D (Figure D1b)]. O.oeni 
Viniflora
®
 Oenos was propagated in a sterile synthetic medium (80% v/v 
MRS broth and 20% v/v sterile apple juice) (Oxoid, Hampshire, England) and 
was incubated at 30°C for 6 days with cell counts over 10
7





2.3 Lyhcee fermentation and sample collection 
Triplicate fermentations were carried out in 500-mL sterile Erlenmeyer 
flasks containing 250 mL-400 mL of prepared lychee juice without SO2 
addition. All flasks were fitted with non-absorbent cotton wool and covered 
with aluminum foil to establish semi-aerobic conditions at early stages of 
fermentations. The designs of various fermentation designs were as below:  
 In the AF with four different S. cerevisiae strains, the pre-treated 
lychee juice (3 L) was separated into 12 sterile Erlenmeyer flasks (250 
mL for each flask). Each set of three flasks was inoculated with 1% 
(v⁄v) of a juice pre-culture of respective S. cerevisiae strains 
(MERIT.ferm, EC1118, R2 and 71B). The fermentations were 
conducted at 20°C under static conditions. Samples were taken on day 
0, 2, 4, 7, 10 and 14 for the analysis of non-volatiles and volatiles (21 
mL each time). All samples taken were stored at -20°C before analysis. 
(Chapter 3) 
 In the AF with three different non-Saccharomyces yeasts (T. 
delbrueckii PRELUDE, W. saturnu NCYC22 and K. lactis KL71), the 
pre-treated lychee juice was separated into 9 sterile 500 
mL-Erlenmeyer flasks (300 mLof juice for each flask). Each set of 
three flasks was inoculated with 1% (v/v) of a juice pre-culture of 
respective non-Saccharomyces strains. Fermentations were carried out 
under static conditions at 20°C for 25 days, when all yeasts reached 
their stationary phases. Samples were taken on day 0, 3, 6, 9, 13, 18 
and 25 (21 mL each time) and were stored at -20°C before analysis of 
non-volatiles and volatiles. (Chapter 4) 
 The AF of different yeast culture regimes (T. delbrueckii PRELUDE 
monoculture, sequential culture, simultaneous culture and S. cerevisiae 
MERIT.ferm monoculture) was conducted in sterile Erlenmeyer flasks. 
For monoculture fermentations, 1% (v/v, 2.5 mL) of a T. delbrueckii 
27 
 
PRELUDE pre-culture and 1% (v/v, 2.5 mL) of a S. cerevisiae 
MERIT.ferm pre-culture were inoculated, respectively. For 
simultaneous fermentation, 1% (v/v, 2.5 mL) of a T. delbrueckii 
PRELUDE pre-culture and 2.5 mL of a S. cerevisiae MERIT.ferm 
pre-culture were inoculated simultaneously. For sequential 
fermentations, 1% (v/v, 2.5 mL) of a T. delbrueckii PRELUDE 
pre-culture were inoculated on day 0, and 1% (v/v, 2.5 mL) of a S. 
cerevisiae MERIT.ferm pre-culture were inoculated subsequently on 
day 4. Fermentations were carried out statically at 20°C for 12 days. 
Samples were collected at intervals (day 0, 2, 4, 6, 9, and 12) and were 
stored at -20°C until analysis. (Chapter 5) 
 For the study of co-fermentation with S. cerevisiae and O. oeni (MLF), 
the pre-treated sterile lychee juice was dispensed into 6 sterile flasks 
(400 mL of juice for each flask). The control set of three flasks was 
inoculated with 2% (v/v) of a S. cerevisiae MERIT.ferm pre-culture 
only. The co-fermentation set of three flasks was co-inoculated with 2% 
(v/v) of S. cerevisiae MERIT.ferm pre-culture and 3% (v/v) of O.oeni 
Viniflora
®
 Oenos pre-culture. Fermentations were carried out under 
static conditions at 20°C for 20 days, when all cell populations reached 
their stationary phases. Samples were collected on day 0, 2, 5, 10, 15, 
and 20. (Chapter 6) 
 The AF with different aromatic amino acid supplements was carried 
out in sterile Erlenmeyer flasks for each treatment (control, L-Phe, 
L-Trp or L-Tyr added). The sterilised L-Phe or L-Trp (Sigma-Aldrich, 
Oakville, ON, Canada) solutions (1% w/v dissolved in juices, 12.5 mL) 
were added into the flasks respectively, which were topped up with 
prepared sterile lychee juice to 250 mL to obtain 0.05% (w/v) of each 
amino acid. 0.05 g of L-Tyr (Sigma-Aldrich, Oakville, ON, Canada) 
was added into the flasks directly because of its low solubility; then 
the flasks were added with 250 mL of prepared sterile lychee juice and 
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filtered through a sterile 0.45-μm-pore-size microfilter one more time 
(Sartorius Stedium Biotech, Goettingen, Germany). 1% (v/v) S. 
cerevisiae MERIT.ferm starter culture was inoculated into each flask 
for fermentation under static conditions at 20°C for 10 days. Sampling 
was conducted on day 0, 2, 4, 6, 8 and 10. (Chapter 7) 
 The AF with different branched-chain amino acid was conducted in 
triplicate for each treatment (control, supplementation with L-Val, 
L-Leu or L-Ile). The L-Val, L-Leu and L-Ile solutions (2 % w/v) were 
prepared from amino acid powders (Sigma-Aldrich, Oakville, ON, 
Canada) and then filter-sterilised with 0.2-µm-pore size microfilters 
(Sartorius Stedim Biotech, Goettingen, Germany). 6.25 mL of an 
amino acid solution was added into the sterilised lychee juice (final 
volume, 250 mL) to obtain 0.05% (w/v) of respective amino acids. 
Then, 2.5 mL of S.cerevisiae MERIT.ferm pre-culture was inoculated 
into each flask. The fermentations were conducted for 10 days at 20°C. 
Samples were collected on each two days and were stored at -20°C 
until analysis. (Chapter 8) 
2.4 Measurements of physico-chemical parameters and non-volatile 
compound analysis 
During the fermentation, the pH and 
o
Brix of the samples were measured 
with a pH meter (Metrohm, Switzerland) and a refractometer (ATAGO, Tokyo, 
Japan), respectively. Yeast growth (S. cerevisiae strains and 
non-Saccharomyces yeasts) was monitored using spread plating method on 
potato dextrose agar (PDA) (including 2% w/v glucose, 0.25% w/v yeast 
extract, 0.25% w/v bacteriological peptone, 0.25% w/v malt extract, pH 5.0) 
(Oxoid, Basingstoke, Hampshire, England) at 25
o
C for 2 days. In the 
sequential- and simultaneous fermentations of T. delbrueckii PRELUDE and 
Scerevisiae MERIT.ferm, T. delbrueckii PRELUDE colonies (Φ 0.4-0.5 mm, 
white and dull) were distinguished from those of S. cerevisiae MERIT.ferm (Φ 
1.3-1.5 mm, cream and shiny) on PDA (in Chapter 5).  In the simultaneous 
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AF and MLF (Chapter 6), O.oeni was differentiated from S. cerevisiae by 
growing on the mixture agar plate (80% v/v MRS agar and 20% v/v sterilised 
apple juice) (Oxoid, Basingstoke, Hampshire, England) with 0.01 g/100 mL 
natamycin (Danisco A/S, Copenhagen, Denmark) under anaerobic conditions 
at 30°C for 5 days.  
High performance liquid chromatography (HPLC) (Shimadzu HPLC, 
Class-VP software version 6.1, Kyoto, Japan) was used to determine 
non-volatiles (including sugars, glycerol, organic acids and amino acids). 
Before HPLC analysis, the samples were filtered through a 0.20-μm-pore-size 
microfilter. All mobile phases used were filtered through a 0.45-μm 
polyethersulphone membrane (Sartorius, Goettingen, Germany) and degassed 
by sonication for 30 min.  
Sugars and glycerol were separated using a Zorbax carbohydrate column 
(150 × 4.6 mm, Agilent, Santa Clara, CA, USA) connected to a Shimadzu 
HPLC system and detected using a low-temperature evaporative light 
scattering detector (ELSD-LT). Isocratic elution was performed for the sugars 
using a mobile phase consisting of acetonitrile and water (80:20 v/v) at a flow 
rate of 1.4 mL/min at 40°C with the methods of Lee et al. (2013). Separation 
of glycerol was done using the same mobile phase at a flow rate of 0.5 
mL/min at 30°C.  
Analysis of organic acids was performed with a Supelcogel C-610 H 
column (300 × 7.8 mm, Supelco, Sigma-Aldrich, Barcelona, Spain) using 0.1% 
sulphuric acid mobile phase at a flow rate of 0.4 mL/min with photodiode 
array detection at 210 nm (Lee et al., 2010).  
Analysis of amino acids was performed based on the method of Waters 
AccQ-Tag (Waters, 1993). Chromatographic separation by reversed-phase 
HPLC was carried out with a Waters AccQ-Tag Nova-Pak C18 column (150 × 
3.9 mm, Waters, Dublin, Ireland) at 37°C using 9.1% (v/v) AccQ-Tag eluent A 
and 60% (v/v) acetonitrile as mobile phases A and B, respectively. The amino 
acids were derivatised with the Waters AccQ-Fluor reagent 
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(6-aminoquinolyl-N-hydroxysuccinimidyl carbamate, AQC) to yield highly 
stable fluorescent derivatives, which were detected with photodiode array 
detection at 248 nm (Waters, 1993).  
Each sample was analysed in duplicate. Identification and quantification 
of compounds were carried out using retention times and standard curves of 
pure sugars (sucrose, glucose and fructose), organic acids (oxalic acid, citric 
acid, tartaric acid, malic acid, succinic acid, lactic acid and pyruvic acid) , 
amino acids (aspartic acid, serine, asparagine, glutamic acid, glycine, histidine, 
glutamine, arginine, threonine, alanine, proline, cysteine, tyrosine, valine, 
methionine, lysine, isoleucine, leucine, phenylalanine, tryptophane) and 
ammonia (Fluka, Vienna, Austria; Sigma-Aldrich, Oakville, ON, Canada; 
Waters, Ireland). External standard calibration curves of all the analysed 
compounds (R
2
>0.98) were computed and used for the determination of the 
concentration of the respective compounds based on the peak areas obtained. 
2.5 Volatile compound analysis 
A 5-mL sample (pH adjusted to 2.5 with 1 M HCl) was transferred into a 
screw-capped headspace vial before analysis. Volatile compounds were 
extracted by headspace (HS) solid-phase microextraction (SPME) with a 
carboxen/polydimethylsiloxane fibre (85 μm coating, Supelco, Sigma-Aldrich, 
Barcelona, Spain) and analysed using gas chromatography (GC)-mass 
spectrometer (MS)-flame ionisation detector (FID). Sample extraction was 
performed using a SPME autosampler (CTC, Combi Pal, Switzerland) at 60°C 
for 40 min under 250 rpm agitation. The GC was coupled to the Agilent 5975C 
triple-axis MS and FID for identification and quantification of the volatiles 
(Lee et al., 2010). The volatiles were identified by comparing their mass 
spectra with those from NIST 8.0 and Wiley 275 MS libraries and verified with 
the linear retention index (LRI) values. LRI values were calculated based on 
the retention times of the samples and that of a series of alkanes (C8 – C40) 






+  𝑛) 
In this equation, LRI is the retention index of the unknown compound; t 
represents the retention time of compound (min); n is the number of carbon 
atoms of the n-alkane eluting before this compound and n+1 is number of 
carbon atoms of the n-alkane eluting after the compound (Bianchi, Carer, 
Mangia, & Musci, 2007).   
Semi-quantification was carried out based on their GC-FID peak areas. 
Some aroma compounds were selected according to the literatures for 
quantification using standards available in our laboratory. Based on the 
concentration, OAVs were calculated by dividing their known odour detection 
thresholds. Each treatment was analysed in triplicate. 
2.6 Statistical analysis 
Mean and standard deviation values were calculated based on data 
obtained from triplicate fermentations performed for each treatment. All 
experimental data obtained were subjected to one-way analysis of variance 
(ANOVA) and Scheffe's test using SPSS
®
17.0 (SPSS Inc., Chicago, IL, USA). 
The statistical significance of the data was evaluated at the 95% confidence 
level. Principal component analysis (PCA) was performed to analyse the 
correlation between the key volatiles and different treatments by using 
software Matlab R2008a (Mathworks, Natick, MA, USA), with the exception 




CHAPTER 3 Chemical and volatile composition of lychee 
wines fermented with four commercial Saccharomyces 
cerevisiae yeast strains 
3.1 Introduction  
In spite of the studies described in Chapter 1, it is still unclear how 
different yeast strains affect the chemical and volatile profiles of lychee wines, 
especially those aroma-impact volatiles in lychee. Thus, in this study, four 
commercial wine yeast strains of S. cerevisiae (S. cerevisiae var. bayanus 
EC-1118, S. cerevisiae var. bayanus R2, S. cerevisiae var. cerevisiae 71B and 
S. cerevisiae var.cerevisiae MERIT.ferm) were evaluated for their effects on 
the chemical and volatile composition of the resultant lychee wines. 
S. cerevisiae EC-1118 yeast is a strain isolated from Champagne wine 
with an excellent alcohol tolerance (to 18% v/v). It is able to ferment with a 
fast rate at low temperature at wide pH range. Thus, EC-1118 is used in a wide 
range of wines (including sparkling wines, fruit wines and ciders), producing 
higher pineapple aroma (Molina, Guadalupe, Varela, Swiegers, Pretorius, & 
Agosin, 2009), as well as dark fruit and jammy aromas for wine (Takush, & 
Osborne, 2012). S. cerevisiae EC1118 is unable to effectively degrade L-malic 
acid (Redzepovic, Orlic, Majdak, Kozina, Volschenk & Viljoen-Bloom, 
2003). 
S. cerevisiae R2 displays a good alcohol tolerance (to around 14% v/v- 
15% v/v) and is considered a moderate to high user of nitrogen. This strain is 
suitable for white wine making (in particular, Riesling, Semillon and 
Gewürztraminer), contributing high levels of fruity aromas. S. cerevisiae R2 
was also selected for the fermentation of Sauvignon Blanc wine with the 
typically intense and persistent aroma of Sauvignon Blanc (Celotti, Battistutta, 
Vuerich, Maifreni, & Zironi, 1998). 
Compared with S. cerevisiae EC1118, S. cerevisiae 71B can partially 
metabolise L-malic acid and is used to degrade L-malic acid (about 20-33%) 
of white grape wine (e.g. Chardonnay, Vignoles, Riesling and Chenin blanc 
wines) , resulting in a softer taste wine (Main, Threlfall, & Morris, 2007; 
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Redzepovic et al., 2003; Reynolds, Edwards, Cliff, Thomgate, & Marr, 2001). 
This was because the malic enzyme gene from S. cerevisiae 71B increased 
towards the end of fermentation once glucose was depleted, while no effect 
was observed with S. cerevisiae EC1118 (Redzepovic et al., 2003). S. 
cerevisiae 71B is tolerant to ethanol of up to 14% (v/v) and has a very low 
requirement for assimilable nitrogen. This strain is known for making blush 
and semi-sweet wines and has a good ability to produce isoamyl acetate, 
reinforcing the aromatic profile of wines.  
S. cerevisiae MERIT.ferm is an isolate from a Shiraz wine with a high 
alcohol tolerance of 17% (v/v). It is usually used in red wine fermentation with 
a fast and reliable rate. S. cerevisiae MERIT.ferm contributed red fruit and 
floral aromas to the Pinot Noir wine (Takush, & Osborne, 2012). This strain 
also has good compatibility with malolactic bacteria. All of the four S. 
cerevisiae strains were yet to be evaluated in lychee wine fermentation, which 
was the objective of this investigation.  
3.2 Results and discussion  
3.2.1 Yeast population 
The cell populations of all four strains increased from initial cell counts 
of about 10
5
 CFU/mL to their respective maximum of approximate 10
7
 
CFU/mL with no significant differences on day 14 (Table 3.1).  
3.2.2 Total soluble solids and sugar consumption 
The total soluble solids were reduced from about 23% to around 7% for 
all lychee wine samples after fermentation (Table 3.1). Sucrose, glucose and 
fructose were the main sugars detected in lychee juice (Table 3.1). In this 
study, most sucrose was metabolised at the end of fermentation. There was a 
significant difference in the consumption of sucrose between strains 71B, 
MERIT.ferm and R2, indicating that the hydrolysis of sucrose might be 
affected by the yeast strains used. The consumption of glucose and fructose 
had no significant difference among the four yeast strains, and glucose was 





Table 3.1 Sugar and organic acid concentrations of lychee juice (day 0) and 
lychee wines (day 14) fermented with different S. cerevisiae strains 
 Lychee juice 
(Day 0) 
Lychee wine (Day 14) 
EC1118 71B R2 MERIT.ferm 




*- 3.52 ± 0.88a 2.10 ± 0.25a 2.71 ± 0.79a 3.26 ± 0.61a 
pH 3.52 ± 0.01
a 3.63 ± 0.01b 3.79 ± 0.02c 3.66 ± 0.01b 3.65 ± 0.00b 
°Brix 22.60 ± 0.35
a 7.79 ± 0.05b 7.78 ± 0.12b 7.58 ± 0.09b 7.86 ± 0.03b 
Ethanol  
(% v/v) 
0.13 ± 0.03a 8.93 ± 0.87b 8.89 ± 0.33b 8.22 ± 0.57b 8.77 ± 0.70b 
Sugars (g/100 mL) 
Fructose 2.81 ± 0.11a 0.40 ± 0.04b 0.38 ± 0.00b 0.38 ± 0.02b 0.38 ± 0.01b 
Glucose 3.37 ± 0.06 **N.D. N.D. N.D. N.D. 
Sucrose 14.88 ± 0.82a 2.36 ± 0.06bc 1.99 ± 0.01b 2.77 ± 0.16c 2.41 ± 0.23b 
Organic acids (g/100 mL) 










Citric acid 0.10 ± 0.01a 0.15 ± 0.01b 0.16 ± 0.00bc 0.15 ± 0.01b 0.17 ± 0.00c 
Tartaric acid 0.15 ± 0.01 N.D. N.D. N.D. N.D. 
Malic acid 1.03 ± 0.05a 0.62 ± 0.03b 0.55 ± 0.01c 0.61 ± 0.04b 0.63 ± 0.01b 
Succinic acid 1.14 ± 0.06a 1.06 ± 0.01b 1.20 ± 0.00a 1.11 ± 0.07ab 1.17 ± 0.01a 
Pyruvic Acid N.D. 0.06 ± 0.01a 0.05 ± 0.00b 0.04 ± 0.00b 0.05 ± 0.00b 
*-: Initial plate count: 7.83×105 CFU/mL (EC1118), 9.85×105 CFU/mL (71B), 4.00×105 
CFU/mL (R2), 5.63×105 CFU/mL (MERIT.ferm) . 
**N.D.: not detected;  




3.2.3 pH and organic acids 
All resultant lychee wines had significantly higher pH values after 
fermentation and the pH value of lychee wine inoculated with strain 71B 
reached nearly 3.80, likely because of more malic acid degradation (Table 
3.1). The major organic acids in lychee juice and wine were succinic and 
malic acids, which represented nearly 90% of the total organic acids (Table 
3.1). Succinic acid decreased slightly in the lychee wine fermented with 
strains EC1118 and R2. There was about 40% of malic acid reduction. The 
decrease of malic acid could not be attributed to MLF because lactic acid was 
not produced. The concentration of malic acid in the lychee wine fermented 
with strain 71B was significantly lower than other wines, which was 
consistent with previous studies (Main et al., 2007; Redzepovic et al., 2003; 
Reynolds et al., 2011) and strain 71B can be used as a partical deacidification 
yeast strain.  
Malic acid reduction by other three S. cerevisiae strains was similar. 
These strains did not efficiently degrad malic acid, which was due to a very 
low substrate affinity of its malic enzyme. Moreover, the S. cerevisiae malic 
enzyme was located in mitochondria, which might be dysfunctional and 
decreased under winemaking conditions (Redzepovic et al., 2003). The 
significant reduction of malic acid might be the result that D-malic acid 
molecules entered the S. cerevisiae cells by passive diffusion (Coloretti, 
Zambonelli, Castellari, Tini, & Rainieri, 2002). DL-malic acid was used to 
adjust pH of the lychee juice. The reduction in tartaric acid was likely related 
to the precipitation of tartaric acid as potassium hydrogen tartrate (cream of 
tartar) (Gao & Fleet, 1995). 
3.2.4 Amino acids 
The major amino acids in the lychee juice were proline, alanine and 
arginine (Table 3.2). Almost all of the amino acids and ammonia decreased 
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but amino acid utilisation varied with yeast strains. The major residual amino 
acid in all lychee wines was proline. This is likely because proline is not a 
preferred nitrogen source and is not as assimilable as other amino acids by 
yeast under anaerobic conditions (Ingledew, 1987). 
Despite proline being the least preferred nitrogen source, it significantly 
decreased in the lychee wines fermented by strains R2, 71B and MERIT.ferm, 
suggesting that the lychee juice was deficient in preferable nitrogen for these 
yeast strains. Under poor preferable nitrogen availability, proline can be 
consumed with an increase in the activity of general amino permease and 
proline permease (Bell & Henschke, 2005). Proline can serve as an 
intermediate in the formation of glutamate or α-KG and ammonium (Takagi, 
Takaoka, Kawaguchi, & Kubo, 2005).  
The concentration of proline in the lychee wine inoculated with strain 
EC1118 had a slight but statistically insignificant increase. This trend was also 
observed in a previous study (Dizy & Polo, 1996). Proline can be derived 
from arginine metabolism under the effects of arginase and ornithine 
transaminase (Takagi, 2008). It can also be synthesised from glutamic acid. In 
this study, arginine and glutamic acid were almost exhausted by strain EC1118. 
This suggested that the amount of proline obtained at the end of fermentation 
could be a result of the metabolic net balance between utilisation and 
production of proline via different pathways.  
A more diverse range of amino acids were present in the lychee wine 
fermented with strain 71B than in the other wines (Table 3.2). Conversely, the 
residual amino acids in the lychee wine fermented with strain MERIT.ferm 




Table 3.2 Ammonia and amino acid concentrations of lychee juice (day 0) and 






Lychee wine (Day 14)
 ***
LOD 
EC1118 71B R2 MERIT.ferm  
NH3 (mM) 1.64 ± 0.10
a *L 0.06 ± 
0.02b 
 
L L 0.07 
Amino acids (mM)
 
Asp 0.41 ± 0.01a L 0.16 ± 
0.01b 
 
L L 0.01 
Ser & Asn 0.45 ± 0.04a L 0.12 ± 
0.01b 
 
L L 0.04 






Gly 0.44 ± 0.04a 0.14 ± 0.01b 0.28± 
0.03ac 
 
0.32 ± 0.06c 
 
0.11 ± 0.06b 0.03 
His & Gln 0.82 ± 0.03a 0.06 ± 0.01b 0.30 ± 
0.03c 
 
L L 0.02 
Arg 1.64 ± 0.10a 0.24 ± 0.02b 0.23 ± 
0.00b 
 
0.18 ± 0.01b 
 
0.07 ± 0.00c 0.02 
Thr ** N.D. L 0.06 ± 0.00 
 
L L 0.01 
Ala 1.90 ± 0.02a 0.21 ± 0.02b 0.16 ± 
0.01c 
 
0.50 ± 0.03d 
 
L 0.07 
Pro 5.98 ± 0.07a 6.56 ± 0.47a 4.28 ± 
0.57b 
 
3.50 ± 0.41c 
 
4.86 ± 0.15b 0.04 
Cys N.D. N.D. N.D. N.D. N.D. 0.04 
Tyr 0.19 ± 0.01a L 0.07 ± 
0.00b 
 
L L 0.01 
Val 0.46 ± 0.02a 0.12 ± 0.01b 0.23 ± 
0.02c 
 
0.21 ± 0.03d 
 
0.12 ± 0.01b 0.04 
Met 0.16 ± 0.01a L L N.D. N.D. 0.01 
Lys 0.10 ± 0.02a L L L L 0.01 
Ile 0.14 ± 0.02a L L L L 0.02 
Leu 0.12 ± 0.01a L L L L 0.03 
Phe 0.29 ± 0.02a L L L L 0.05 
Trp N.D. L L L L 0.04 
*L: Less than 0.05 mM, the lower limit of standard curves.  
**N.D.: not detected.  
***LOD: values are below limit of detection.  





3.2.5 Volatiles  
Over 100 volatiles including acids, alcohols, esters, terpenes, aldehydes, 
ketones, phenols and sulphur compounds were identified by 
HS-SPME-GC-MS-FID in the lychee juice. Only 58 volatiles were identified 
in the lychee wines with 46 volatiles being present in all wines. The major 
volatiles in the lychee juice and lychee wines are listed in [Appendix A (Table 
A1)]. Twenty volatiles were quantified (ethanol in Table 3.1, Table 3.3). 
The alcohols accounted for the highest relative peak area (RPA) in both 
lychee juice (up to 48.56%) and lychee wines (about 90%). Ethanol was most 
abundant, which made up about 98% of the total peak area of the alcohols in 
lychee juice and lychee wines [Appendix A (Table A1)]. There was no 
significant difference in the amounts of ethanol in the lychee wines fermented 
with different yeast strains (Table 3.1). Isoamyl alcohol, 2-phenylethyl 
alcohol, and isobutyl alcohol were produced and were likely derived from 
leucine, phenylalanine and valine via the Ehrlich pathway, which is shown in 
Chapter 1 (Bell & Henschke, 2005). These three higher alcohols had 
significantly higher concentrations in the lychee wine fermented with strain 
MERIT.ferm (Table 3.3). Some alcohols present in the lychee juice were 
undetectable in the lychee wines, such as 3-methyl-3-buten-1-ol, 2-heptanol, 
2-ethylhexanol and 1-octanol [Appendix A (Table A1)]. The reduction of these 
alcohols was likely due to their utilisation for esterification with fatty acids to 
form esters (Valero, Moyano, Millan, Medina, & Ortega, 2002). 




Table 3.3 The concentrations of main volatile compounds (mg/L) and their odour activity values (OAV) in lychee juice (day 0) and lychee 
wines (day 14) fermented with different S. cerevisiae strains 
Compounds 
Lychee juice (Day 0) Strain MERIT.ferm Strain EC1118 Strain 71B Strain R2 Odour 
threshold 
(mg/L) 
Concentration OAV Concentration  OAV Concentration OAV Concentration OAV Concentration OAV 
Acetic acid 1.84 ± 0.21a 0.009 1.03 ± 0.23a 0.005 3.48 ± 0.77b 0.017 0.95 ± 0.03a 0.048 1.84 ± 0.21a 0.008 200‡ 
Decanoic acid 0.28 ± 0.01a 0.027 0.76 ± 0.08b 0.076 0.76 ± 0.07b 0.076 0.84± 0.07b 0.084 0.61 ± 0.03c 0.061 10
∮
 
Octanoic acid 0.09 ± 0.01a 0.010 0.42 ± 0.03b 0.048 0.50 ± 0.02bc 0.057 0.55 ± 0.05c 0.063 0.49± 0.08bc 0.055 8.8‡ 
Isobutyl alcohol 
*N.D. - 21.34 ± 3.70a 0.53 11.64 ± 2.89b 0.25 14.88 ± 2.64b 0.37 13.00 ± 2.02b 0.33 40‡ 
Isoamyl alcohol **L - 116.82 ± 4.00a 0.39 89.80 ± 3.99b 0.30 86.18 ± 5.44b 0.29 86.79 ± 8.00b 0.29 300‡ 
2-Phenethyl alcohol N.D. - 21.73 ± 1.90a 2.17 15.81 ± 0.47b 1.58 13.02 ± 0.63c 1.30 20.8 ± 1.40a 2.08 10‡ 
Ethyl acetate 0.02 ± 0.00a 0.003 24.56 ± 2.56b 3.27 46.00 ± 10.01c 6.13 38.84 ± 6.27bc 5.18 30.36 ± 4.60b 4.05 7.5‡ 
Ethyl hexanoate N.D. - 0.44 ± 0.02a 84.76 0.31 ± 0.01b 61.33 0.25 ± 0.03c 50.59 0.32 ± 0.00b 64.15 0.005¢ 
Ethyl octanoate L - 1.02 ± 0.15a 510.07 2.15 ± 0.12b 1077.31 1.35 ± 0.35a 676.76 1.51 ± 0.38a 755.91 0.002‡ 
Ethyl decanoate N.D. - 0.79 ± 0.13ac 3.96 1.26 ± 0.23b 6.30 1.15 ± 0.16bc 5.77 0.51± 0.09a 2.56 0.2# 
Ethyl dodecanoate N.D. - 0.77 ± 0.09a 0.13 0.68± 0.05a 0.12 1.21 ± 0.15b 0.20 0.34 ± 0.00c 0.057 5.9
∮
 
Isoamyl acetate N.D. - 0.24 ± 0.03a 8.16 0.11 ± 0.00b 3.93 0.23 ± 0.08a 7.72 0.20± 0.05a 6.80 0.03‡ 
Isobutyl octanoate N.D. - 0.0026 ± 0.0002a 0.003 0.0030 ± 0.0005a 0.004 0.0027 ± 0.0005a 0.003 0.0028 ± 0.0004a 0.004 0.8§ 
Isoamyl octanoate N.D. - 0.018 ± 0.001a - 0.026 ± 0.001b - 0.019 ± 0.003a - 0.010 ± 0.002c - - 
2-Phenylethyl acetate N.D. - 0.44 ± 0.05a 1.76 0.45 ± 0.05a 1.80 0.49 ± 0.03a 1.96 0.48 ± 0.05a 1.93 0.25‡ 
Linalool 0.020 ± 0.003a 6.52 0.0029 ± 0.0003b 0.96 N.D. - N.D. - 0.0026± 0.0001b 0.86 0.003
∮
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Table 3.3 (Cont’d) 
 
* N.D.: not detected;  
**L: Less than the lower limit of standard curves.  
a,b,c, Statistical analysis ANOVA (n=3) at 95% confidence level with same letters indicating no significant difference. 
‡ Guth (1997); 
∮
Pino & Queris (2011); # Bartowsky & Pretorius (2008); ¢ Ong & Acree (1999); §Li, Tao, Wang, & Zhang (2008); 
∽
Swiegers et al. (2005). 
 
Compounds 
Lychee juice (Day 0) Strain MERIT.ferm Strain EC1118 Strain 71B Strain R2 Odour 
threshold 
(mg/L) 
Concentration OAV Concentration  OAV Concentration OAV Concentration OAV Concentration OAV 
Geraniol 0.071 ± 0.008 2.39 N.D. - N.D. - N.D. - N.D. - 0.03
∽
 
Citronellol 0.0026 ± 0.0002 0.026 N.D. - N.D. - N.D. - N.D. - 0.1# 
cis-Rose oxide 0.032± 0.0001a 161.45 L - L - L - L - 0.0002‡ 
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The second most abundant volatile group in the lychee wines was the 
ester group [Appendix A (Table A1)]. Most of the esters in the lychee wines 
were produced during fermentation. The highest concentration of acetate 
esters in the lychee wines was ethyl acetate. 2-Phenylethyl acetate and 
isoamyl acetate were another two important acetate esters with no significant 
differences among the lychee wines, with the exception of significantly lower 
amount of isoamyl acetate in the wine fermented with strain EC1118 (Table 
3.3). Ethyl esters are formed by the reaction between ethanol and activated 
fatty acids (Bell & Henschke, 2005). Ethyl octanoate had the highest 
concentration in the lychee wines, followed by ethyl decanoate. The lychee 
wines fermented with strain MERIT.ferm had the lowest concentrations of 
both ethyl octanoate and octanoic acid. The lychee wines fermented with 
strain R2 had lower concentrations of both ethyl decanoate and decanoic acid 
than the other wines. The results were consistent with some recent studies that 
fatty acid precursor levels had a crucial role in ethyl ester production by S. 
cerevisiae (Saerens et al., 2008).  
Terpenes were the second most abundant volatiles in the lychee juice. 
Linalool, geraniol, nerol, and citronellol are important odourants that 
contribute to the characteristic aroma of lychee fruit (Alves, Lima, Dias, 
Nunes, & Schwan, 2010). Most terpenes were totally catabolised. Geraniol 
and citronellol were undetectable in all lychee wines, and just trace amounts 
of linalool were detected in the wines fermented with strains MERIT.ferm and 
R2 (Table 3.3). This could lead to a diminished lychee character of the wines 
produced. Similar results were reported by Trinh et al. (2010) in longan wine 
and by Li, Yu, Curran, & Liu (2011) in mango wine. The decrease in terpenes 
and terpenoids was likely due to metabolism to produce other compounds 
such as citronellyl acetate and nerolidol (Mateo & Jiménez, 2000).  
Nerolidol was not present in the lychee juice and was produced by strains 
EC1118 and R2 in the resultant lychee wine. Farnesene was not detected in the 
lychee juice but was produced by the four yeast strains during fermentation 
42 
 
[Appendix A (Table A1)]. The production of nerolidol and farnesene in 
different lychee wines might be related to some gene expressions, which 
encoded enzymes in the mevalonate and prenyl diphosphate pathways (Ohto, 
Muramatsu, Obata, Sakuradani, & Shimizu, 2009) or hydrolysis of glycosides 
by glycosidases of S. cerevisiae (Ugliano, Bartowsky, McCarthy, Moio, & 
Henschke, 2006).  
Terpenoid ethers including cis-rose oxide, nerol oxide, trans-rose oxide 
and linalool oxide were present in the lychee juice [Appendix A (Table A1)]. 
These volatiles were extremely potent with very low odour detection 
thresholds and thus, were expected to impact on lychee wine aroma, 
especially in synergy. cis-Rose oxide is the character-impact aroma compound 
in lychee fruit (Ong & Acree, 1999). However, cis-rose oxide was reduced to 
unquantifiable levels in all lychee wines (Table 3.3). trans-Rose oxide and 
linalool oxide were also reduced to undetectable levels after fermentation. 
Nerol oxide remained partly in the lychee wines fermented with strains 
MERIT.ferm, 71B and R2 [Appendix A (Table A1)].  
3.2.6 OAVs of selected volatiles and PCA 
cis-Rose oxide had the significant highest OAV (161.45) in the lychee 
juice, followed by linalool (6.52) and geraniol (2.39) (Table 3.3). Ethyl 
octanoate and ethyl hexanoate had high OAVs in the lychee wines, which 
would impart the fruity aroma. This result was consistent with a previous 
study (Wu et al., 2011). In the alcohol group (except ethanol), only 
2-phenylethanol had the OAV higher than one (1.0), which together with 
2-phenylethyl acetate could contribute a pleasant rose-like aroma. The OAVs 
of ethyl octanoate (1077.31) and ethyl acetate (6.13) in the lychee wine 
fermented with strain EC1118 were significantly higher than the other wines. 
Ethyl hexanoate and 2-phenethyl alcohol had significantly higher OAVs in the 
wine fermented with strain MERIT.ferm (84.76 and 2.17, respectively), while 
had significantly lower OAVs in the wine fermented with strain 71B (50.59 
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and 1.30, respectively) (Table 3.3). 
PCA was applied to analyse the correlation between yeast strains and 
these volatiles (Figure 3.1). The first 2 principal components (PCs) explained 
92.25% of the total variance with PC1 explained 81.62%. The terpene 
derivatives and lychee juice were in the positive part of PC1. The aromas of 
lychee juice were mainly characterised by cis-rose oxide, linalool and geraniol. 
The other volatiles and lychee wine samples were all in negative part of PC1. 
The aromas of lychee wines fermented with strains 71B and EC1118 were 
closer to the organoleptics of ethyl decanoate, ethyl acetate and ethyl 
octanoate, which were all in the positive part of PC2. Conversely, the wines 
fermented with strains MERIT.ferm and R2 had more aromas from ethyl 
hexanoate, 2-phenylethyl alcohol and isoamyl acetate. 
 
 
Figure 3.1 Bi-plot of principal component analysis of the selected volatile 
compounds in lychee juice and lychee wines fermented with four S. cerevisiae 
strains. Lychee juice (●); strain MERIT.ferm (▲); strain 71B (▼); strain 
EC-1118 (□); strain R2 (☆).  
(1) acetic acid; (2) decanoic acid; (3) octanoic acid; (4) isoamyl alcohol; (5) 2- 
phenethyl alcohol; (6) isobutyl alcohol; (7) ethyl octanoate; (8) ethyl 
decanoate; (9) ethyl dodecanoate; (10) ethyl hexanoate; (11) ethyl acetate; (12) 
isoamyl acetate; (13) 2-phenylethyl acetate; (14) isobutyl octanoate; (15) 




3.3 Conclusions  
The chemical and volatile composition of lychee wines fermented with 
four S. cerevisiae strains was evaluated. The chemical composition of the 
lychee wine fermented with strain 71B was different from other lychee wines 
in terms of malic acid, pH and some amino acids. Volatiles in the lychee juice 
were reduced significantly after fermentation. Ethyl esters and acetate esters 
were important volatile compounds produced during lychee fermentation. The 
volatiles in the lychee wines fermented with S. cerevisiae strains EC1118 and 
71B were similar with more aroma contributions from ethyl octanoate (OAV 
of 1077.31 and 676.76, respectively), ethyl decanoate (OAV of 6.30 and 5.77, 
respectively) and ethyl acetate (OAV of 6.13 and 5.18, respectively). However, 
the OAV of ethyl octanoate (>500) was much higher than that of other esters 
(<100), and this compound may mask the flavour of other esters. Therefore, 
strains EC1118 and 71B were not suitable strains for the production of 
balanced esters. The volatiles in the lychee wines fermented with S. cerevisiae 
strains MERIT.ferm and R2 were similar with more flavour characters from of 
ethyl hexanoate (OAV of 84.76 and 64.15, respectively) and isoamyl acetate 
(OAV of 8.16 and 6.80, respectively). Further, the yeast strains also varied 
with their ability to degrade and release certain terpene compounds. The 
results could provide a basis to select yeast strains for differential flavour 





CHAPTER 4 Evaluation of performance of Torulaspora 
delbrueckii, Williopsis saturnus, Kluyveromyces lactis in lychee 
wine fermentation 
4.1 Introduction  
As mentioned in Chapter 1, some S. cerevisiae strains have been 
assessed for lychee wine fermentation and the lychee wine produced achieved 
a good acceptance in sensory analysis with most of the alcohols and esters 
produced during fermentation (Alves et al., 2011; Wu et al., 2011). In Chapter 
3, the ethanol level of lychee wine fermented with different S. cerevisiae 
strains could reach about 9% (v/v) and the concentrations of ethyl hexanoate, 
ethyl octanoate, ethyl decanoate were much higher than their odour detection 
thresholds, which contributed fruity flavour.  
However, most odour-active terpenes and terpenoids (particularly lychee 
aroma-character impact cis-rose oxide, geraniol, linalool) in lychee juice were 
decreased to trace levels after fermentation with Saccharomyces yeasts, which 
could account for the diminished lychee character (rose, lychee and citrus 
flavour) of the wines produced (Chapter 3), and similar results were also 
reported by Wu et al. (2011). This could be due to their volatility, entry into 
the cell membrane, as well as the biotransformation of terpenes by yeasts. 
Moreover, there was low activity of β-glucosidase and other glycosidases in 
some S. cerevisiae strains to release monoterpenols from odourless bound 
terpenoids to compensate for the losses (Fernández-González et al., 2003; 
King & Dickinson, 2000). 
Therefore, in this Chapter, three non-Saccharomyces yeasts (T. 
delbrueckii PRELUDE, W. saturnus var. saturnus NCYC22, and K. lactis 
KL71), which may have relatively high activity of β-glucosidase and/or have 
ability to produce monoterpenoid by biotransformation reactions (Chapter 1), 




4.2 Results and discussion  
4.2.1 Yeast population 
The growth of the respective yeasts is shown in Figure 4.1a. Cell 
populations of all three yeasts increased from about 10
5
 CFU/mL to 
approximately 10
7
 CFU/mL. Cell populations of strain PRELUDE and strain 
NCYC22 reached their stationary phase on day 3 and day 6, respectively and 
both yeasts decreased slightly afterwards. Growth of strain KL71 increased 
throughout the fermentation period with the slowest growth. This could be due 
to the absence of several anaerobic genes in K. lactis, which are related to the 
external uptake of sterols under anaerobic conditions, and are important for 
yeast cells (Snoek & Steensma, 2006).    
Figure 4.1. Growth of yeast (a), as well as the concentrations of sucrose (b), 
glucose (c), and glycerol (d) throughout lychee juice fermentation with T. 
delbrueckii PRELUDE (〇), W. saturnus NCYC22 (▽) and K. lactis KL71 
(□). 
a                                      b 
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4.2.2 Total soluble solids, glycerol and sugar consumption  
The °Brix of the lychee juice was 22.64% and it continuously decreased 
to 12.23%, 16.85% and 18.45% during fermentation with strains PRELUDE, 
NCYC22 and KL71, respectively (Table 4.1). It can be concluded that sugar 
consumption was positively related to the yeast growth. Sucrose decreased 
fastest in strain PRELUDE, followed by strain KL71 and strain NCYC22 
(Figure 4.1b). The variations in sucrose hydrolysis were likely due to the 
different extracellular invertase activities of these yeasts (Ostergaard, Olsson, 
& Nielsen, 2000). There was an initial increase in glucose and fructose 
concentrations in the early stages of fermentation for strain PRELUDE and 
strain KL71, and in the middle stage of fermentation for strain NCYC22 
(Figure 4.1c), which was attributed to the hydrolysis of sucrose. The 
utilisation of glucose and fructose via glycolysis with strain PRELUDE was 
most significant, while strains NCYC22 and KL71 showed a lower degree of 
sugar metabolism (Table 4.1).  
The intermediate of glycolysis DHAP, can be converted into glycerol via 
glyceropyruvic fermentation, as described above (Chapter 1). Therefore, 
glycerol was rapidly produced during the first three days in strains PRELUDE 
and KL71, while it was sharply produced by around day 9 in strain NCYC22 
(Figure 4.1d). The amount of glycerol present in the lychee wines fermented 
with strain NCYC22 was the highest with about 0.50 % (w/v), which was 
close to its taste detection threshold (0.52 % w/v) and may contribute slight 





Table 4.1 Oenological parameters of lychee juice (day 0) and lychee wines 
(day 25) fermented with of T. delbrueckii PRELUDE, W. saturnus NCYC22 
and K. lactis KL71 
 Lychee juice  
(Day 0) 
Lychee wines (Day 25) 





*- 1.01 ± 0.01a 0.21 ± 0.00 b 3.72 ± 0.56c 
pH 3.48 ± 0.01
a 3.70 ± 0.02b 3.59 ± 0.03c 3.55 ± 0.02c 
°Brix  22.64 ± 0.02
a 12.23 ± 0.13b 16.85 ± 0.25c 18.45 ± 0.48d 
Glycerol 
(% w/v) 
**N.D. 0.36 ± 0.02a 0.50 ± 0.01b 0.35 ± 0.01a 
Ethanol (% v/v)
 0.11 ± 0.01a 7.61 ± 0.69b 0.81 ± 0.15a 3.39 ± 0.39c 
Sugars (g/100 ml) 
Fructose 3.72 ± 0.04a 5.48 ± 0.13b 7.12 ± 0.40c 9.64 ± 0.61d 
Glucose 3.82 ± 0.12a 2.12 ± 0.07b 4.34 ± 0.10a 5.86 ± 0.43c 
Sucrose 14.53 ± 0.53a N.D. 1.81 ± 0.09b N.D. 
Organic Acids (g/100 ml) 
Citric acid 0.030 ± 0.001a 0.019 ± 0.000b 0.018 ± 0.000b 0.014 ± 0.001c 
Tartaric acid 0.024 ± 0.003a 0.005 ± 0.000b 0.010 ± 0.001c 0.005 ± 0.001b 
Malic acid 1.36± 0.01a 1.35 ± 0.00a 1.24 ± 0.01b 1.51 ± 0.02c 
Succinic acid 0.82 ± 0.00a 0.87 ± 0.01b 0.98 ± 0.01c 0.89 ± 0.01b 
Pyruvic acid N.D. 0.010 ± 0.000
a
 0.022 ± 0.004
b





N.D. 0.003 ± 0.000
a





Oxalic acid 0.004 ± 0.000a LOQ LOQ LOQ 
Acetic acid 0.004 ± 0.001a 0.014 ± 0.001b 0.016 ± 0.003b 0.031 ± 0.001c 
 
a,b,c,d Statistical analysis ANOVA (n = 3) at 95% confidence level with same letters indicating 
no significant difference  
* Initial plate count (107 CFU/mL): 0.05 ± 0.01 (PRELUDE), 0.01 ± 0.00 (NCYC22), 0.01 ± 
0.00 (KL71). 
**N.D., not detected.  
***LOQ, limit of quantification 
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4.2.3 pH and organic acids 
The pH of all wines increased after fermentation (Table 4.1). There was a 
similar trend in the changes in organic acids among all fermentations, where 
tartaric and citric acids decreased, while succinic and acetic acids increased 
(Table 4.1). Trace levels of pyruvic, α-ketoglutaric and oxalic acids were 
present in all wines and lactic acid was not detected. The lychee wine acidity 
is largely determined by malic acid, which was present in the juice (partially 
introduced from pH adjustment using DL-malic acid) at initial 1.36 g/100 mL, 
and remained relatively unchanged throughout fermentation (Table 4.1). 
Therefore, the highest concentration of malic acid in strain KL71 monoculture 
might lead to the lowest pH value (Table 4.1). The other main acid in the juice 
was succinic acid, which increased slightly during fermentation, more so with 
strain NCYC22 (Table 4.1). Similar with Saccharomyces yeasts in Chapter 3, 
part of tartaric acid was precipitated as potassium hydrogen tartrate or cream 
of tartar and thus reducing the sour taste of wine (Gao & Fleet, 1995). Acetic 
acid was the most important volatile acid for lychee wine flavour and will be 
discussed subsequently. 
4.2.4 Amino acids 
Besides carbon sources, ammonia and amino acids could contribute to 
yeast growth as the nitrogen source. The major amino acids in lychee juice 
were proline and alanine (Table 4.2). The utilisation of ammonia and amino 
acids were significantly different among the three yeasts.  
W. saturnus NCYC22 consumed more nitrogen than other yeasts, and the 
total nitrogen decreased from 117.85 mg N/L in the original juice to 39.20 mg 
N/L after fermentation. For strain NCYC22, ammonia was depleted and the 
final concentrations of most amino acids were the lowest, which indicated that 
this yeast required a higher amount of nitrogen than the other strains or that 
the utilisation of amino acids was greater than its biosynthesis. T. delbrueckii 
PRELUDE could consume about half of the total nitrogen (Table 4.2). 
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Table 4.2 Ammonia and amino acid concentrations of lychee juice (day 0) and 
lychee wines (day 25) fermented with T. delbrueckii PRELUDE, W. saturnus 
NCYC22 and K. lactis KL71 
 Lychee juice 
(Day 0) 




PRELUDE NCYC22 KL71 
NH3 (mM) 1.46 ± 0.18
a 0.88 ± 0.16b **LOD 2.35 ± 0.04c 0.005 
Amino acids (mM) 
Asp 0.16 ± 0.01a 0.21 ± 0.02a 0.17 ± 0.03a 0.21 ± 0.05a 0.003 
Ser+Asn 0.19 ± 0.02a 0.06 ± 0.01b 0.03 ± 0.01c 0.07± 0.01b 0.002 
Glu  0.35 ± 0.02a 0.18 ± 0.02b 0.07 ± 0.01c 0.20 ± 0.02b 0.004 
Gly 0.08 ± 0.01ab 0.11 ± 0.02a 0.06 ± 0.00b 0.10 ± 0.02ab 0.002 
His+Gln 0.34 ± 0.04a 0.20 ± 0.01b 0.06 ± 0.00c 0.21 ± 0.04b 0.002 
Arg 0.36 ± 0.00a 0.23 ± 0.02b 0.20 ± 0.03b 0.69 ± 0.03c 0.001 
Thr 0.07 ± 0.01a 0.05 ± 0.01a 0.02 ± 0.00b 0.06 ± 0.01a 0.001 
Ala 1.37 ± 0.05a 0.33 ± 0.09b 0.33 ± 0.04b 1.47 ± 0.18a 0.003 
Pro 3.23 ± 0.03a 1.49 ± 0.15b 0.98 ± 0.04c 3.09 ± 0.10a 0.001 
Cys *N.D. N.D. N.D. N.D. 0.001 
Tyr 0.05 ± 0.01a 0.05 ± 0.01a 0.03 ± 0.00a 0.04 ± 0.01a 0.001 
Val 0.16 ± 0.00a 0.15 ± 0.01a 0.08 ± 0.01b 0.16 ± 0.01a 0.001 
Met 0.05 ± 0.00 N.D. LOD N.D. 0.001 
Lys 0.05 ± 0.00a 0.01 ± 0.00b LOD 0.01 ± 0.00b 0.001 
Ile 0.053 ± 0.001a 0.021 ± 0.002b 0.015 ± 0.001c 0.015 ± 0.002c 0.001 
Leu 0.04 ± 0.00a 0.02 ± 0.00b 0.02 ± 0.00b 0.01 ± 0.00c 0.002 
Phe 0.07 ± 0.01a 0.04 ± 0.00b 0.03 ± 0.01b 0.06 ± 0.01a 0.002 
Try 0.03 ± 0.00 N.D. N.D. N.D. 0.004 
The total nitrogen concentrations (mg N/L) 
Total  117.85 ± 3.93a 58.53 ± 6.33b 39.20 ± 3.86c 123.55 ± 9.06a - 
a,b,c Statistical analysis ANOVA (n = 3) at 95% confidence level with same letters indicating 
no significant difference. 
* N.D., not detected.  





However, the total nitrogen concentration in lychee wine fermented with 
K. lactis KL71 was slightly increased to 123.55 mg N/L with a significant 
increase of ammonia and arginine (Table 4.2). The increase of ammonia could 
be mainly due to the hydrolysis of asparagine and glutamine, producing 
aspartate and glutamate, respectively. Proline can also serve as an intermediate 
for the production of ammonia, glutamate and α-KG (Arias-Gil, Garde-Cerdan, 
& Ancin-Azpilicueta, 2007). The metabolism of glutamate and α-KG could 
result in the increase of arginine (Arias-Gil et al., 2007). The limited 
utilisation of amino acids in K. lactis KL71 monoculture could lead to its 
slowest growth in the initial stage of fermentation (Figure 4.1a). 
For K. lactis KL71, ammonia was significantly increased (Table 4.2), 
which differed from S. cerevisiae yeasts. For Saccharomyces yeasts, the most 
preferred nitrogen source is ammonium and the least preferred nitrogen 
sources are urea and proline (Bell & Henschke, 2005). This is in line with the 
previous study in Chapter 3 that most of ammonium was consumed as 
preferable nitrogen source in lychee wine fermentation with S.cerevisiae 
yeasts. Therefore, nitrogen catabolite repression in K. lactis KL71 could be 
different from that in S.cerevisiae and further research has to be carried out to 
elucidate this.  
4.2.5 Volatiles 
Around 60 volatiles were found in lychee juice and wines, including 9 
acids, 8 alcohols, 27 esters, 15 terpene derivatives, 4 aldehydes, and 1 ketone 
[Appendix B (Table B1)], among which 29 main volatiles were selected for 
quantification (ethanol and acetic acid in Table 4.1, Table 4.3). The main 
volatile compounds in lychee juice were alcohols (RPA 77.45%) and terpene 
derivatives (RPA 15.77%), while the main volatiles in lychee wines were 
significantly different [Appendix B (Table B1)].  
Lychee wine fermented by T. delbrueckii PRELUDE had the highest 
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increase in ethanol concentration of 7.61 % (v/v) with the fastest production, 
followed by K. lactis KL71 (3.39% v/v) and W. saturnus NCYC22 (0.81% v/v) 
(Figure 4.2a), which were consistent with the trend of glucose consumption 
(Figure 4.1c). Erten & Campbel (2001) found that W. saturnus oxidised 
sugars mainly to CO2 and water with a low level of ethanol.  
 
Figure 4.2. Changes in the concentrations of ethanol (a), ethyl octanoate (b), 
acetic acid (c), and ethyl acetate (d) throughout lychee juice fermentation with 
T. delbrueckii PRELUDE (〇), W. saturnus NCYC22 (▽) and K. lactis KL71 
(□). 
Higher production of ethanol by strain PRELUDE could provide more 
NAD
+
 for α-KG generation and subsequent production of isoamyl and 
2-phenylethyl alcohols than other yeasts (Styger et al., 2011) (Table 4.3), 
which could impart fruity and floral aroma to the final wine, respectively. 
Similar results were found in grape wine (Renault et al., 2009). However, 
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strain PRELUDE produced the lowest amounts of isobutyl alcohol (Table 4.3), 
which could be related to the highest production of isobutyric acid (discussed 
later).   
Acetic acid is often associated with glycerol production and can be 
produced from acetaldehyde via the action of aldehyde dehydrogenase 
(Rodicio & Heinisch, 2009). The concentration of acetic acid in lychee wines 
was increased after fermentation (Table 4.1). Acetic acid can be converted 
into acetyl-CoA for the production of acetate esters via acetyl-CoA synthetase 
(Ugliano & Henschke, 2009), which could explain the rapid decrease of acetic 
acid from day 9 in strain NCYC22 monoculture (Figure 4.2c). Lychee wine 
fermented by strain PRELUDE had the lowest amount of acetic acid (Table 
4.1), confirming that T. delbrueckii was a low acetic acid producer (Bely et al., 
2008). The final concentration of acetic acid in strain KL71 (0.03 g/100 mL) 
was higher than its odour detection threshold (0.02 g/100 mL) but lower than 
its undesirable concentrations (above 0.07 g/100 mL) (Lambrechts & 
Pretorius, 2000).  
The concentrations of most fatty acids were increased during 
fermentation, and strain NCYC 22 monoculture had the highest productions of 
C6-C12 fatty acids (Table 4.3). These fatty acids could contribute to the 
production of their corresponding esters. The concentrations of these fatty 
acids in lychee wines were lower than their odour detection thresholds with 
the exception of isobutyric acid, which could contribute buttery and cheesy 
flavour notes to all wines with its high OAV (Table 4.3). There was an inverse 
relationship between the concentrations of isobutyric acid and isobutyl alcohol 
as shown in Chapter 1 (Styger et al., 2011). Therefore, strain PRELUDE 
produced the highest concentration of isobutyric acid and lowest 
concentration of isobutyl alcohol (Table 4.3). 
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Table 4.3 Concentrations of main volatile compounds (mg/L) and their odour activity values (OAVs) in lychee juice (day 0) and lychee wines 




























Concentration OAV Concentration OAV Concentration OAV Concentration OAV 
Hexanoic acid 1845 0.06 ± 0.00a 0.02 0.08 ± 0.01a 0.02 0.13 ± 0.01b 0.04 0.07 ± 0.01a 0.02 3‡ 
Octanoic acid 2061 0.02 ± 0.00a 0.002 0.18 ± 0.02b 0.02 0.85 ± 0.03c 0.10 0.35 ± 0.04d 0.04 8.8‡ 
Decanoic acid 2276 0.01 ± 0.00a 0.001 0.22 ± 0.02b 0.02 0.42 ± 0.05b 0.04 0.40 ± 0.06b 0.04 10
∮
 
Dodecanoic acid 2487 * N.D. - 0.23 ± 0.02a 0.02 0.64 ± 0.11b 0.06 0.28 ± 0.00a 0.03 10
∮
 
Isobutyric acid 1572 N.D. - 0.42 ± 0.04a 8.45 0.16 ± 0.00b 3.20 0.28 ± 0.04c 5.66 0.05λ 
Isobutyl alcohol 1083 N.D. - 2.09 ± 0.06a 0.05 3.89 ± 0.48b 0.10 2.87 ± 0.18c 0.07 40‡ 
Active amyl alcohol 1200 N.D. - 0.14 ± 0.03a 0.00 0.21 ± 0.01ab 0.00 0.25 ± 0.04b 0.00 65# 
Isoamyl alcohol 1210 N.D. - 195.89 ± 4.01a 6.53 0.96 ± 0.03b 0.03 1.47 ± 0.10b 0.05 30# 
2-Phenylethyl alcohol 1927 0.73 ± 0.06a 0.07 45.38 ± 6.10b 4.54 6.06 ± 0.54a 0.61 1.36 ± 0.22a 0.14 10‡ 
Ethyl acetate - 0.07 ± 0.01a 0.01 0.87 ± 0.02a 0.11 880.15 ± 138.51b 117.35 323.86 ± 29.80c 43.18 7.5‡ 
Ethyl butyrate 1037 N.D. - N.D. - N.D. - 0.014 ± 0.002 0.7 0.02‡ 
Ethyl hexanoate 1227 N.D. - 0.0049 ± 0.0000a 0.98 0.0011 ± 0.0001b 0.21 0.0029 ± 0.0001c 0.59 0.005¢ 
Ethyl octanoate 1435 0.003 ± 0.000
a 1.4 0.080 ± 0.007b 40.15 0.042 ± 0.005c 20.92 0.042 ± 0.010c 20.96 0.002‡ 
Ethyl decanoate 1648 N.D. - 0.90 ± 0.12a 4.48 0.23 ± 0.02b 1.15 0.28 ± 0.06b 1.40 0.2# 
Ethyl dodecanoate 1849 N.D. - 0.24 ± 0.01a 0.04 0.31 ± 0.01b 0.05 0.12 ± 0.02c 0.02 5.9∮ 
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a,b,c,d. Statistical analysis ANOVA (n=3) at 95% confidence level with same letters indicating no significant difference. 
*N.D.: not detected.   
‡ Guth (1997); λvan Gemert (2003); 
∮
Pino & Queris (2011); ¢ Ong & Acree (1999); # Bartowsky & Pretorius (2008); ЖYamamoto, Shimada, Ohmoto, Matsuda, Ogura, & 
Kanisawa, (2004); §Li et al. (2008); 
∽
Swiegers et al. (2005). 





Concentration OAV Concentration OAV Concentration OAV Concentration OAV 
Isobutyl acetate 1015 N.D. - N.D. - 0.028 ± 0.003 0.02 N.D. - 1.6# 
Isobutyl octanoate 1551 N.D. - 0.0003 ± 0.0000a 0.00 0.0002 ± 0.0000b 0.00 N.D. - 0.8§ 
Isobutyl decanoate  1758 N.D. - 0.0022 ± 0.0002 - N.D. - N.D. - - 
Isobutyl dodecanoate 1961 N.D. - 0.0060 ± 0.0003a - 0.0082 ± 0.0004b - 0.0078 ± 0.0012ab - - 
Isoamyl acetate 1118 N.D. - 0.001 ± 0.000a 0.05 0.19 ± 0.02b 6.29 0.005 ± 0.001a 0.17 0.03‡ 
Isoamyl octanoate 1663 N.D. - 0.0029 ± 0.0002a 0.00 0.0017 ± 0.0002b 0.00 0.0016 ± 0.0003b 0.00 1§ 
Citronellyl acetate 1674 N.D. - 0.004 ± 0.000a 0.01 0.025 ± 0.0001b 0.10 0.002 ± 0.000c 0.01 0.25Ж 
2-Phenylethyl acetate 1830 N.D. - 0.07 ± 0.01a 0.28 6.36 ± 0.52b 25.43 4.85 ± 0.68c 19.39 0.25‡ 
cis-Rose oxide  1352 0.019 ± 0.002a 92.57 0.003 ± 0.000b 16.50 0.003 ± 0.000b 15.80 0.003 ± 0.001b 15.60 0.0002‡ 
Linalool 1546 0.019 ± 0.002
a 6.17 0.011 ± 0.001b 3.51 0.007 ± 0.000b 2.48 0.008 ± 0.001b 2.51 0.003
∮
 
Citronellol 1766 0.006 ± 0.000ab 0.06 0.009 ± 0.000a 0.09 0.004 ± 0.001b 0.04 0.020 ± 0.003c 0.20 0.1# 
Geraniol 1850 0.11 ± 0.01





 The acetate esters in strain NCYC22 monoculture were highest, among 
which ethyl acetate, isoamyl acetate and 2-phenylethyl acetate were above 
their odour detection thresholds (Table 4.3). This could be due to the highest 
production of acetic acid in the initial stage of fermentation by strain NCYC22 
(Figure 4.2c, Figure 4.2d), as well as its substantial alcohol acetyltransferase 
activities (Inoue et al., 1997). Strain KL71 could also produce ethyl acetate 
and 2-phenethyl acetate with high OAVs because of large production of acetic 
acid (Table 4.3) and the presence of alcohol acetyltransferase (van Laere et al., 
2008). Unfortunately, the concentrations of ethyl acetate in strain NCYC22 
(880 mg/L) and strain KL71 (323 mg/L) monocultures were above the 
undesirable concentration (200 mg/L), and it could be detrimental to the wine 
flavour with a solvent like, varnish off-odour (Etiévant, 1991).  
Ehyl esters (mainly C6-C10 ethyl esters) were produced during 
fermentation, among which strain PRELUDE produced the highest amounts 
of ethyl hexanoate, ethyl octanoate and ethyl decanoate, contributing fruity 
and floral flavour to the wine (Table 4.3). These ethyl esters were largely 
produced in the early stage of the fermentation by strain PRELUDE (Figure 
4.2b), being consistent with the ethanol production (Figure 4.2a). Strain 
NCYC22 produced the highest content of ethyl dodecanoate with little flavour 
impact, as its OAV was much lower than 1 (Table 4.3). Strain KL71 produced 
the highest concentration of ethyl butyrate with fruity and strawberry likely 
flavour, which was not produced by the other two strains (Table 4.3). The 
finding coincided with the report that single-strain fermentations of K. lactis 
were capable of producing ethyl butyrate (Liu, Holland, & Crow, 2004).  
These three non-Saccharomyces yeasts used in this study retained much 
more oxygenated monoterpenes (geraniol, linalool, citronellol and cis-rose 
oxide) (Table 4.3) than S. cerevisiae strains (Table 3.3 in Chapter 3). After 
non-Saccharomyces fermentations, geraniol (OAV 0.64-1.67), linalool 
(2.48-3.51) and cis-rose oxide (OAV 15.60-16.50) could contribute to the 
characteristic citrus and rose aroma to wines (Table 4.3), whereas after 
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Saccharomyces fermentations, geraniol, citronellol and cis-rose oxide were 
undetectable or present in trace amounts; linalool decreased from OAV 6.52 to 
OAV< 1 (Table 3.3 in Chapter 3). 
There was a gradual increase in citronellol production during 
fermentation by strains KL71 and PRELUDE (Figure 4.3c). For strain KL 71, 
the trend of citronellol production was similar to that of geraniol reduction, 
and thus biotransformation of monoterpenoids may play a main role in this 
yeast (Figure 4.3a, Figure 4.3c) (King & Dickinson, 2000). Likely for the 
same reason, linalool increased rapidly in the first 3 days of fermentation by 
this strain (Figure 4.3b). However, T. delbrueckii could not produce 
citronellol by reduction of geraniol (King & Dickinson, 2000). Therefore, the 
slight increase of cironellol in strain PRELUDE monoculture was likely due 
to the yeast-driven glycoside hydrolysis (Ugliano & Henschke, 2009). The 
concentration of citronellol decreased in strain NCYC22 monoculture, which 
correlated with its highest production of citronellyl acetate (Table 4.3). 
The higher levels of geraniol and citronellol in strain KL71 monoculture 
could be stereoselectively reduced for the generation of cis-rose oxide (Koslitz, 
Renaud, Kohler, & Wüst, 2008). Therefore, strain KL71 had the best ability to 
stabilise cis-rose oxide in the initial stage of fermentation, during which this 
volatile sharply dropped in the other monocultures (Figure 4.3d). In addition, 
there seemed to be an inverse relationship between cis-rose oxide and yeast 
population (Figure 4.1a, Figure 4.3d), which indicated that most of cis-rose 
oxide may enter into the cell membrane (King & Dickinson, 2000). Therefore, 
the final terpenes in the resultant wines would be a net balance between the 




Figure 4.3. Changes in the concentrations of main monoterpenoids throughout 
lychee juice fermentation with T. delbrueckii PRELUDE (〇), W. saturnus 
NCYC22 (▽) and K. lactis KL71 (□) 
 
4.2.6 PCA 
Twelve volatile compounds (OAVs >1) were selected for PCA based on 
their OAVs. The first two PCs explained 89.70% of the total variance and PC1 
explained 52.55% of the total variance (Figure 4.4). The main monoterpenes 
(linalool, geraniol and cis-rose oxide) and lychee juice were in the negative 
part of PC 1. In previous lychee fermentations with Saccharomyces yeasts 
(Chapter 3), the lychee juice and main monoterpenes were also separated 
from lychee wines and other volatile compounds by PC 1, which explained 
around 82% the total variance (Figure 3.1). This indicates that the main 
monoterpenes were still the main differences between lychee juice and lychee 
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wines fermented with non-Saccharomyces yeasts, but the differences were 
smaller than Saccharomyces yeasts.  
 
Figure 4.4. Bi-plot of principal component analysis of selected volatile 
compounds in lychee juice (★) and wines fermented with T. delbrueckii 
PRELUDE (●), W. saturnus NCYC22 (▼) and K. lactis KL71 (■)   
(1) acetic acid; (2) isobutyric acid; (3) isoamyl alcohol; (4) 2-phenylethyl 
alcohol; (5) ethyl acetate; (6) ethyl octanoate; (7) ethyl decanoate; (8) isoamyl 
acetate; (9) 2-phenylethyl acetate; (10) linalool; (11) geraniol; (12) cis-rose 
oxide 
 
PC 2 explained 37.15 % of the total variance, and the lychee wine 
fermented with T. delbrueckii PRELUDE was in the negative part of PC 2 
with highest OAVs of isobutyric acid (8.45), isoamyl alcohol (6.53), 
2-phenylethyl alcohol (4.54), ethyl octanoate (40.15) and ethyl decanoate 
(4.48) (Figure 4.4, Table 4.3). These volatile compounds could positively 
affect the flavour of the final wine, with the exception of isobutyric acid. The 
lychee wines fermented with K. lactis KL71 and W. saturnus NCYC22 were 
in the positive part of PC 2, as well as acetic acid, ethyl acetate, isoamyl 
acetate and 2-phenylethyl acetate (Table 4.3), among which the 
overproduction of acetic acid and ethyl acetate could have a negative effect on 




Three non-Saccharomyces yeasts were evaluated for AF of lychee wine. 
W. saturnus NCYC22 could effectively consume more nitrogen sources and 
produce higher amounts of acetate esters, but ethyl acetate produced was at an 
excessive level and ethanol produced was lowest (0.8 % v/v). Compared with 
other two yeasts, K. lactis KL71 had the slowest reduction of monoterpenes, 
but ethanol produced was only 3.4 % (v/v). T. delbrueckii PRELUDE had the 
largest sugar consumption and the highest production of ethanol (7.6 % v/v), 
main higher alcohols (isoamyl alcohol, 2-phenylethyl alcohol) and main ethyl 
esters (ethyl octanoate and ethyl decanoate), as well as high OAVs of cis-rose 
oxide and linalool and the lowest concentration of acetic acid. Therefore, 
strain PRELUDE could be a promising non-Saccharomyces strain for lychee 
wine fermentation. In the next chapter, the comparison of lychee wine 
fermented with T. delbrueckii PRELUDE monoculture, selected S. cerevisiae 





CHAPTER 5 Impact of simultaneous and sequential 
fermentation with Torulaspora delbrueckii and Saccharomyces 
cerevisiae on non-volatiles and volatiles of lychee wines 
5.1 Introduction  
In Chapter 3, S. cerevisiae MERIT.ferm, was selected from four 
Saccharomyces strains (EC-1118, R2, 71B and MERIT.ferm) for lychee wine 
fermentations, because of balanced production of esters. However, the original 
odour-active terpenes and terpenoids (cis-rose oxide, geraniol, linalool) in 
lychee juice fell to trace or even undetectable levels after fermentation, which 
was attributed to the catabolism of terpenes, evaporation and/or entry into the 
cell membrane, as well as low production of β-glucosidase in S. cerevisiae 
strains to release monoterpenols (Fernández-González et al., 2003; King & 
Dickinson 2000).  
In Chapter 4, T. delbrueckii PRELUDE was selected from three 
non-Saccharomyces strains (T. delbrueckii, W. saturnus NCYC22, K. lactis 
KL71) for lychee wine fermentations, with high OAVs of cis-rose oxide and 
linalool, as well as high production of higher alcohols and ethyl esters. 
Compared with the other two non-Saccharomyces strains, T. delbrueckii 
PRELUDE had the best fermentative activity. However, this strain could only 
produce 7.6 % (v/v) of ethanol after 25 day-fermentation, while S. cerevisiae 
could produce around 9.0% of ethanol in two weeks (Chapter 3).  
Therefore, the sequential and simultaneous fermentations of S. cerevisiae 
MERIT.ferm and T. delbrueckii PRELUDE might provide a way to retain the 
volatiles from lychee fruits, as well as to accelerate AF. 
5.2 Results and discussion  
5.2.1 Yeast growth 
Growth of T. delbrueckii PRELUDE and S. cerevisiae MERIT.ferm in 
different culture regimes is shown in Figure 5.1. Growth of T. delbrueckii in 
mono- and sequential cultures showed no significant difference (Figure 5.1a), 
indicating that T. delbrueckii was not inhibited by the metabolites of S. 
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cerevisiae as described by Renault et al. (2009). However, growth of T. 
delbrueckii in the simultaneous culture was the slowest and the magnitude of 
growth was the lowest; there was also early death of this yeast (Figure 5.1a, 
Table 5.1). This indicated that in the simultaneous culture with the inoculum 
ratio of 2:1, T. delbrueckii was less efficient than S. cerevisiae in utilizing 
nutrients (Figure 5.1b). This could also be because T. delbrueckii was more 
adversely affected by the oxygen content than S. cerevisiae in the early stage 
of fermentation (Mauricio, Arroyo, Millán, &Ortega, 1990; Mauricio, Millán, 
&Ortega, 1998), during which oxygen was fast consumed by both yeasts. 
Growth of S. cerevisiae in the simultaneous culture was similar to that of 
the monoculture, while its cell population in the sequential culture was much 
lower (Figure 5.1b). This was related to the lower nitrogen and carbon 





Figure 5.1. Changes in yeast population of T. delbrueckii PRELUDE (a) and S. 
cerevisiae MERIT.ferm (b) throughout lychee wine fermentation. T. 
delbrueckii monoculture (〇); sequential culture (▽); simultaneous culture 



































































5.2.2 Total soluble solids and glycolysis  
The 
o
Brix value was fastest reduced in the S. cerevisiae monoculture, 
followed by simultaneous, sequential and T. delbrueckii monocultures (Table 
5.1). Sucrose was hydrolysed by the extracellular invertase and was depleted 
on day 9 in all cultures (Figure 5.2a). The glycolysis of glucose and fructose 
by the S. cerevisiae mono- and simultaneous cultures was significantly faster 
than that of the T. delbrueckii mono- and sequential cultures (Figure 5.2b, 
Table 5.1), indicating that S. cerevisiae had a higher fermentative activity than 
T. delbrueckii , being in line with findings elsewhere (Taillandier et al., 2014). 
As mentioned in Chapter 1, glycerol was produced from DHAP during 
glycolysis (Modig, Granath, Adler, & Lidén, 2007). Thus, the amount of 
glycerol in the T. delbrueckii mono- and sequential cultures was significantly 
lower than that in the S. cerevisiae mono- and simultaneous cultures (Figure 
5.2c). T. delbrueckii may also accumulate more intracellular glycerol to 
counterbalance the osmotic pressure, while S. cerevisiae excretes most of 
glycerol into the medium (Lucca, Loray, & de Figueroa, 1999).  
Pyruvic acid was produced more by the S. cerevisiae mono- and 
simultaneous cultures (over 0.07 g/100 mL) in the first 4 days, and more than 
half of the acid were re-utilised (Figure 5.2d) for acetaldehyde generation 
(Cherry et al., 2012). Pyuvic acid in the sequential culture started to be rapidly 
produced from day 6, being consistent with the trend of glucose consumption 
and reaching the highest concentration on the final day (Figure 5.2b, Figure 
5.2d). T. delbrueckii produced lower amounts of pyruvic acid in correlation 




Table 5.1 Oenological parameters of lychee juice and final lychee wines 















PRELUDE *- 3.81 ± 0.94a 3.49 ± 0.42a 0.12 ± 0.01b ***N.D. 
MERIT.ferm **- N.D. 1.96 ± 0.52b 7.95 ± 1.48b 8.25 ± 0.49b 
pH 3.41 ± 0.00
a 3.47 ± 0.01b 3.46 ± 0.01b 3.53 ± 0.00c 3.48 ± 0.03b 
°Brix  20.28 ± 0.09
 a 11.21 ± 0.31b 8.81 ± 0.39c 6.55 ± 0.23d 5.94 ± 0.42d 
Glycerol 
(% w/v) 
N.D. 0.32 ± 0.00a 0.36 ± 0.01a 0.49 ± 0.03b 0.57 ± 0.06b 
Ethanol 
 (% v/v) 
0.18 ± 0.03a 5.96 ± 0.72b 8.11 ± 0.41c 7.97 ± 0.60c 8.08 ± 0.03c 
Sugars (g/100 mL) 
Fructose 2.20 ± 0.19a 4.14 ± 0.16b 2.54 ± 0.20a ****LOQ LOQ 
Glucose 3.56 ± 0.29a 2.73 ± 6.64b 1.15 ± 0.09c N.D. N.D. 
Sucrose 12.13 ± 0.79 N.D. N.D. N.D. N.D. 
Organic Acids (g/100 mL) 
Citric acid N.D. 0.023±0.002ab 0.025 ± 0.002a 0.020 ± 0.001b 0.022 ± 0.000ab 
Tartaric acid 0.041 ± 0.003 LOQ LOQ LOQ LOQ 
α-Ketoglutari
c acid 
N.D. 0.003 ± 0.000a 0.004 ± 0.000a 0.012 ± 0.001b 0.013 ± 0.000b 
Malic acid 1.57 ± 0.02a 1.49 ± 0.02b 1.37 ± 0.02c 1.15 ± 0.02d 1.12 ± 0.03d 
Pyruvic acid N.D. 0.018 ± 0.001a 0.042 ± 0.003b 0.032 ± 0.002c 0.029 ± 0.005c 
Succinic acid 0.80 ± 0.02a 0.84 ± 0.00a 0.82 ± 0.01a 0.72 ± 0.01b 0.72 ± 0.03b 
Lactic acid N.D. 0.017 ± 0.001a 0.032 ± 0.002b 0.049 ± 0.004c 0.061 ± 0.003d 
Acetic acid 0.012 ± 0.002a 0.018 ± 0.004a 0.014 ± 0.001a 0.039 ± 0.002b 0.036 ± 0.007b 
a,b,c,d Statistical analysis ANOVA (n = 3) at 95% confidence level with same letters indicating 
no significant difference  
* Initial cell count of T.delbrueckii PRELUDE (107 CFU/mL): 0.04 ± 0.01 for T.delbrueckii 
PRELUDE monoculture, 0.04 ± 0.00 for sequential culture, 0.05 ± 0.01 for simultaneous 
culture. 
** Initial cell count of S. cerevisiae MERIT.ferm (107 CFU/mL): 0.02 ± 0.00 for S. cerevisiae 
MERIT.ferm monoculture, 0.02 ± 0.00 for sequential culture on day 4, 0.02 ± 0.00 for 
simultaneous culture.  
***N.D., not detected.  






Figure 5.2. Changes in the concentrations of sucrose (a), glucose (b), glycerol 
(c), pyruvic acid (d), ethanol (e), and acetic acid (f) throughout lychee wine 
fermentation. T. delbrueckii monoculture (〇); sequential culture (▽); 
simultaneous culture (□); S. cerevisiae monoculture (▥) 
 
The production of ethanol from acetaldehyde was in line with the pattern 
of sugar utilisation, and the T. delbrueckii monoculture slowly produced the 
lowest level of ethanol (Figure 5.2e). However, the sequential culture 
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produced over 8% (v/v) of ethanol, which was similar to that of the S. 
cerevisiae mono- and simultaneous cultures (Figure 5.2e, Table 5.1), due to 
the contribution of S. cerevisiae in the sequential culture.  
Besides ethanol, acetic acid was also generated from acetaldehyde via 
using NAD
+
 (Figure 1.1 in Chapter 1). Therefore, more pyruvic acid was 
catabolised to generate acetaldehyde, resulting in much higher levels of acetic 
acid (above the odour detection threshold of 0.02 g/100 mL) in the S. 
cerevisiae mono- and simultaneous cultures (Figure 5.2f), as well as more 
NADH being regenerated. The higher levels of acetic acid could be produced 
in association with glycerol production by S. cerevisiae yeast (Figure 5.2c) as 
a by-product of the hyperosmotic stress response and restored redox balance 
by generating NADH, while T. delbrueckii did not produce excess acetic acid 
to counter against the hyperosmotic medium (Bely et al., 2008). Acetic acid 
produced by the S. cerevisiae mono- and simultaneous cultures started to 
decrease from the mid-stage of the fermentation (Figure 5.2f). This was 
because some acetic acid was activated to form acetyl-CoA (Cherry et al., 
2012), which could enter the TCA cycle or condense repeatedly to generate 
fatty acids or react with alcohols to produce acetate esters (discussed below).  
Therefore, in the simultaneous culture, S. cerevisiae played a dominant 
role in glycolysis and rapidly increased the consumption of sugars and the 
productions of pyruvic acid and ethanol. However, the sequential inoculation 
of S. cerevisiae did not increase the amounts of glycerol and acetic acid via 
glycolysis, because T. delbruecki altered the constituents of the fermenting 
juice such as sugars, organic and amino acids. 
5.2.3 pH and TCA cycle 
There was a slight increase of pH value after all fermentations, among 
which the pH of the simultaneous culture was highest (Table 5.1).  
As discussed above, more acetyl-CoAs were formed from the higher 
amount of acetic acid in the S. cerevisiae mono- and simultaneous cultures. 
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Thus, more acetyl-CoAs entered the TCA cycle, resulting in the higher 
concentrations of α-ketoglutaric acid (Table 5.1). α-Ketoglutaric acid in the T. 
delbrueckii mono- and sequential cultures slightly decreased (from 0.006 
g/100 mL on day 2 to 0.004 g/100 mL on day 6), indicating that α-ketoglutaric 
acid was converted into malic and succinic acids via the TCA cycle (Figure 
1.1 in Chapter 1). However, the final concentration of malic acid was 
decreased in all wines, which was because the DL-malic acid passively 
entered the yeast cells (as discussed in Chapter 3). 
5.2.4 Assimilable nitrogen contents and Ehrlich pathway 
During fermentations, almost all ammonia and amino acids were 
consumed. The S. cerevisiae monoculture utilised the highest amount of 
nitrogen, followed by the simultaneous culture, sequential culture and the T. 
delbrueckii monoculture (Table 5.2). Similar results in grape wine 
fermentation were reported by Bely et al. (2008). As the most preferred 
nitrogen source for S. cerevisiae (Bell & Henschke, 2005), none or only trace 
levels of ammonium remained in the S. cerevisiae mono-, sequential and 
simultaneous cultures (Table 5.2). However, about half of ammonium 
remained in the T. delbrueckii monoculture because of its lower ability to 
consume assimilable nitrogenous compounds than S. cerevisiae (Ciani, Beco, 
& Comitini, 2006). The T. delbrueckii monoculture also showed least 
consumption of amino acids relative to the other cultures, and the 
consumption of amino acids by the other three culture regimes was similar 
(Table 5.2). Therefore, in the simultaneous and sequential cultures, most of 





Table 5.2 Ammonia and amino acid concentrations of lychee juice and final 















2.02 ± 0.40a 0.95 ± 0.03b N.D. 0.03 ± 0.00c N.D. 
Amino acids (mM) 
Asp 0.79 ± 0.01a 0.41 ± 0.05b 0.36 ± 0.04bc 0.24 ± 0.03cd 0.15 ± 0.02d 
Ser+Asn 0.30 ± 0.01a 0.06 ± 0.00b N.D. N.D. N.D. 
Glu  0.30 ± 0.05a 0.11± 0.01b N.D. N.D. N.D. 
Gly 0.22 ± 0.03ab 0.21 ± 0.04a 0.16 ± 0.02ab 0.13 ± 0.02ab 0.08 ± 0.00b 
His+Gln 0.67 ± 0.14a 0.43 ± 0.02b 0.11 ± 0.02c N.D. N.D. 
Arg 0.42 ± 0.09a 0.35 ± 0.03ab 0.17 ± 0.03c 0.26 ± 0.04bc 0.16 ± 0.03c 
Thr 0.13 ± 0.02 N.D. N.D. N.D. N.D. 
Ala 2.73 ± 0.49a 1.42 ± 0.11b 0.60 ± 0.04c 0.16 ± 0.03c 0.04 ± 0.01c 
Pro 0.23 ± 0.04a 0.17 ± 0.02ab 0.24 ± 0.02a 0.15 ± 0.01b 0.19 ± 0.02ab 
Cys *N.D. N.D. N.D. N.D. N.D. 
Tyr 0.17 ± 0.02a 0.06 ± 0.01b N.D. N.D. N.D. 
Val 0.38 ± 0.06a 0.25 ± 0.04b 0.19 ± 0.01b 0.16 ± 0.01b 0.15 ± 0.01b 
Met 0.05 ± 0.00 N.D. N.D. N.D. N.D. 
Lys 0.11 ± 0.01 N.D. N.D. N.D. N.D. 
Ile 0.15 ± 0.02 N.D. N.D. N.D. N.D. 
Leu 0.08 ± 0.01 N.D. N.D. N.D. N.D. 
Phe 0.32 ± 0.04 N.D. N.D. N.D. N.D. 
Trp N.D. N.D. N.D. N.D. N.D. 
The total nitrogen concentrations (mg N/L) 
Total  162.20±29.10a 85.96 ± 6.62b 35.41 ± 4.10c 26.60 ± 3.66c 17.43 ± 2.37c 
 
a,b,c,d Statistical analysis ANOVA (n = 3) at 95% confidence level with same letters indicating 
no significant difference;  
* N.D., not detected. 
 
Among the amino acids, L-valine, L-leucine and L-phenylalanine were 
catabolised via the Ehrlich pathway to produce isobutyl alcohol, isoamyl 
alcohol and 2-phenylethyl alcohol, respectively (Figure 1.4 in Chapter 1); 
70 
 
and isoamyl alcohol and 2-phenylethyl alcohol had high OVAs in the final 
lychee wines (Table 5.3). Although L-leucine and L-phenylalanine were 
depleted by all cultures, the amounts of isoamyl alcohol and 2-phenylethyl 
alcohol produced were significantly higher in the S. cerevisiae mono- and 
simultaneous cultures (Figure 5.3a, Table 5.3). This was because α-KG and 
NADH were utilised via the Ehrlich pathway (Styger et al., 2011), and they 
were higher in the S. cerevisiae mono- and simultaneous cultures as discussed 
above. 2-Phenylethyl alcohol then declined for related ester production in the 
S. cerevisiae mono- and simultaneous cultures, while the aromatic alcohol 
started to be fast produced after day 6 in the sequential culture (Figure 5.3a), 
corresponding with S. cerevisiae growth. 
More L-valine was consumed for higher production of isobutyl alcohol in 
the S. cerevisiae mono- and simultaneous cultures (Table 5.2, Table 5.3), 
although the isobutyl alcohol level was still lower than its odour detection 
threshold. However, isobutyric acid, being also derived from valine 
degradation (Styger et al., 2011), had a high OVA that may cause buttery and 
cheesy flavour notes in lychee wines (Table 5.3). Over 0.4 mg/L of isobutyric 
acid was produced by the S. cerevisiae mono- and simultaneous cultures in the 
first two days, and 80% of the carboxylic acid produced was re-utilised for 
related esters production [Appendix C (Figure C1)]. Isobutyric acid in the 
sequential culture was stable through the fermentation, reaching the highest 
final concentration (Table 5.3). Therefore, the sequential inoculation of S. 
cerevisiae enhanced the metabolism of L- phenylalanine and L-valine via the 





Figure 5.3. Changes in the concentrations of 2-phenylethyl alcohol (a), 
2-phenylethyl acetate (b), ethyl octanoate (c), geraniol (d), linalool (e), and 
cis-rose oxide (f) throughout lychee wine fermentation. T. delbrueckii 
monoculture (〇 ); sequential culture (▽); simultaneous culture (□); S. 
cerevisiae monoculture (▥) 
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Table 5.3 Concentrations of main volatiles (mg/L) and their odour activity values (OAVs) in lychee juice and final lychee wines fermented by 
different modes of yeast culturing 
 
 
Lychee juice  











Concentration OAV Concentration OAV Concentration OAV Concentration OAV Concentration OAV 
Hexanoic acid * N.D. - 0.59 ± 0.06a 0.20 0.75 ± 0.16a 0.24 2.93 ± 0.21b 0.98 2.49 ± 0.30b 0.83 3‡ 
Octanoic acid  N.D. - 0.29 ± 0.03a 0.03 0.52 ± 0.04b 0.06 1.74 ± 0.13c 0.20 1.48 ± 0.06d 0.17 8.8‡ 
Decanoic acid  N.D. - 0.45 ± 0.03a 0.04 0.62 ± 0.08a 0.06 1.23 ± 0.18b 0.12 1.29 ± 0.20b 0.13 10
∮
 
Dodecanoic acid  N.D. - 1.37 ± 0.24a 0.14 1.49 ± 0.26a 0.15 1.51 ± 0.24a 0.15 1.49 ± 0.33a 0.15 10
∮
 
Isobutyric acid  N.D. - 0.16 ± 0.02a 3.17 0.19 ± 0.03a 3.76 0.08 ± 0.01b 1.58 0.07 ± 0.01b 1.42 0.05λ 
Isobutyl alcohol N.D. - 2.37 ± 0.16a 0.06 7.37 ± 0.52b 0.18 24.42 ± 2.51c 0.61 27.12 ± 0.15c 0.68 40‡ 
Isoamyl alcohol N.D. - 84.90 ± 3.01a 2.83 93.35 ± 0.92a 3.11 134.76 ± 7.83b 4.49 146.36 ± 3.18b 4.88 30# 
2-Phenylethyl 
alcohol 
0.24 ± 0.01a 0.02 22.52 ± 2.42bc 2.25 25.65 ± 2.32b 2.56 19.42 ± 0.79c 1.94 22.06 ± 2.42bc 2.21 10‡ 
Ethyl acetate 0.38 ± 0.07a 0.05 0.80 ± 0.01b 0.11 0.65 ± 0.14bc 0.09 0.53 ± 0.03ac 0.07 0.60 ± 0.02c 0.08 7.5‡ 
Ethyl hexanoate N.D. - 0.05 ± 0.01a 10.79 0.08 ± 0.00ab 15.51 0.11 ± 0.00b 22.52 0.17 ± 0.03c 33.60 0.005¢ 
Ethyl octanoate N.D. - 0.54 ± 0.05a 271.85 1.25 ± 0.02b 623.21 1.60 ± 0.15c 801.66 1.24 ± 0.06b 619.28 0.002‡ 
Ethyl decanoate N.D. - 5.77 ± 0.25a 28.83 14.33 ± 0.05b 71.65 50.32 ± 1.36c 251.61 49.59 ± 1.39c 247.95 0.2# 
Ethyl dodecanoate N.D. - 0.53 ± 0.10a 0.09 1.94 ± 0.15b 0.33 6.25 ± 0.47c 1.06 4.97 ± 0.52d 0.84 5.9∮ 
Isobutyl acetate N.D. - 0.010 ± 0.001a 0.006 0.025 ± 0.005b 0.02 0.032 ± 0.003bc 0.02 0.034 ± 0.003c 0.02 1.6# 
Isobutyl octanoate N.D. - 0.007 ± 0.001a 0.009 0.006 ± 0.001a 0.01 0.030 ± 0.005b 0.04 0.026 ± 0.007b 0.03 0.8§ 
Isobutyl decanoate  N.D. - N.D. - 0.009 ± 0.001a - 0.098 ± 0.006b - 0.091 ± 0.001b - - 
Isoamyl acetate N.D. - 0.001 ± 0.000a 0.02 0.009 ± 0.001b 0.29 0.009 ± 0.001b 0.28 0.010 ± 0.001b 0.33 0.03‡ 
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Table 5.3 (Cont’d) 
 
a,b,c,d. Statistical analysis ANOVA (n=3) at 95% confidence level with same letters indicating no significant difference. 
*N.D.: not detected.   
‡ Guth (1997); λvan Gemert (2003); 
∮
Pino & Queris (2011); ¢ Ong & Acree (1999); # Bartowsky & Pretorius (2008); ЖYamamoto et al. (2004);§Li et al. (2008); 
∽
Swiegers et 
al. (2005).  
 
Lychee juice  











Concentration OAV Concentration OAV Concentration OAV Concentration OAV Concentration OAV 
Isoamyl octanoate N.D. - 0.003 ± 0.001a 0.003 0.017 ± 0.002b 0.02 0.099 ± 0.005c 0.10 0.082 ± 0.002d 0.08 1§ 
Isoamyl decanoate N.D. - 0.01 ± 0.00a 0.002 0.04 ± 0.00b 0.01 0.20 ± 0.02c 0.04 0.17 ± 0.01c 0.03 5λ 
2-Phenylethyl 
acetate 
N.D. - 0.15 ± 0.03a 0.61 0.87 ± 0.14b 3.50 1.43 ± 0.07c 5.71 1.85 ± 0.16d 7.41 0.25‡ 
Geraniol 0.055 ± 0.012a 1.82 0.046 ± 0.006ab 1.54 0.032 ± 0.003b 1.22 N.D. - N.D. - 0.03∽ 
Linalool 0.007 ± 0.001a 2.32 0.006 ± 0.000ab 2.08 0.006 ± 0.001ab 2.06 0.003 ± 0.001b 1.38 0.003 ± 0.001b 1.71 0.003
∮
 
cis-Rose oxide  0.010 ± 0.001a 49.81 0.0020 ± 0.0001b 10.19 0.0012 ± 0.0001c 5.79 0.0007 ± 0.0001c 3.71 0.0008 ± 0.0001c 3.99 0.0002‡ 
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5.2.5 Esters and terpenes 
Acetate esters, ethyl esters and branched-chain esters were produced 
during fermentations. Among the acetate esters, only 2-phenylethyl acetate in 
the S. cerevisiae mono-, sequential and simultaneous cultures could contribute 
floral flavour to wines with high OAVs (3.50-7.41) (Table 5.3). Production of 
2-phenylethyl acetate by the T. delbrueckii mono- and sequential cultures was 
significantly lower than the other cultures, which was consistent with the 
significantly lower production of acetic acid (Figure 5.2f, Figure 5.3b). 
2-Phenylethyl acetate increased rapidly from day 6 in the sequential culture 
(Figure 5.3b) in correlation with the production of 2-phenylethyl alcohol as 
discussed above (Figure 5.3a). Therefore, the concentration of acetate esters 
was affected by the contents of acetic acid and related alcohols. 
However, the ethyl acetate level produced by the T. delbrueckii 
monoculture was the highest (Table 5.3). As discussed above, the acetyl-CoA 
activated from acetic acid could enter the TCA cycle or generate fatty acids or 
produce acetate esters. In T. delbrueckii, a limiting flux of acetyl-CoA entered 
the TCA cycle with the lowest production of α-ketoglutaric acid (Table 5.1), 
as well as the lowest level of fatty acids (C6-C10) generated (Table 5.3). Thus, 
in T. delbrueckii, more cytosolic acetyl-CoAs reacted with ethanol to produce 
ethyl acetate (Gethins et al., 2015). Similar results were also reported by 
Taillandier et al. (2014) in white grape wine fermentation. 
Ethyl esters of C6-C12 fatty acids were present in all lychee wines and the 
C6-C10 ethyl esters reached high OAVs. The T. delbrueckii monoculture 
produced the lowest levels of ethyl esters correlating with the lowest 
production of ethanol (Table 5.3). Sequential inoculation of S. cerevisiae 
significantly increased the formation of ethyl esters by producing higher levels 
of ethanol, among which ethyl hexanoate and ethyl octanoate had no 
significant difference from the simultaneous culture and the S. cerevisiae 
monoculture, respectively (Table 5.3, Figure 5.3c). These ethyl esters could 
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contribute fruity flavour to wines. All branched-chain esters in lychee wines 
were at levels lower than their odour detection thresholds (Table 5.3). 
The T. delbrueckii mono- and the sequential cultures retained 
significantly higher concentrations of the main monoterpenes (OVA>1), and 
the amounts of geraniol and linalool were similar to that in the initial lychee 
juice (Table 5.3). Geraniol and linalool levels rose slightly in the initial stages 
of the T. delbrueckii mono- and sequential cultures (Figure 5.3d, Figure 5.3e), 
due to the biotransformation of nerol to these two monoterpenols and 
enzymatic hydrolysis of their odourless precursor glycosides to release them 
(King &Dickinson, 2000; Ugliano & Henschke, 2009). Geraniol could be 
stereo selectively reduced to cis-rose oxide (Koslitz et al., 2008) and thus the 
cis-rose oxide level also slightly increased in the early stages of fermentations 
with the T. delbrueckii mono- and sequential cultures (Figure 5.3f). Compared 
with T. delbrueckii, S. cerevisiae produced lower levels of linalool in the early 
stages of S. cerevisiae monoculture and simultaneous fermentation (Figure 
5.3e), because of low β-glucosidase activity in this yeast (Ugliano & 
Henschke, 2009). 
After a slight increase, monoterpenoids decreased in all cultures. The 
decreases of these monoterpenoids in the S. cerevisiae mono- and 
simultaneous cultures were much faster than that in the T. delbrueckii mono- 
and sequential cultures, especially in the first 4 days (Figure 5.3d-f), which 
was consistent with the trend of total yeast growth and ethanol production 
(Figure 5.1, Figure 5.2e, Table 5.1). This indicated that more monoterpenoids 
entered into the cell membrane and/or evaporated with CO2 (produced 
together with ethanol) in the initial stages of S. cerevisiae monoculture and 
simultaneous fermentation.  
Therefore, T. delbrueckii could retain more monoterpenoids by way of 
higher β-glucosidase activity, more biotransformation and lower production of 
CO2. In contrast, T. delbrueckii NSA-1 was reported to have no contribution to 
the contents of terpenic compounds in industrial and semi-industrial 
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fermentations of grape wine (Belda, Navascués, Marquina, Santos, Calderon, 
& Benito, 2015). This could be due to the differences of T. delbrueckii strains 
and fruit juices (musts). Some other non-Saccharomyces yeasts in the grape 
musts may also affect the terpenes during the industrial and semi-industrial 
fermentations. 
5.2.6 PCA 
Ethanol and 12 volatile compounds (OAVs >1) were selected for PCA 
(Figure 5.4). The first PC1 and PC2 explained 77.01 % and 19.21% of the 
total variance (Figure 5.4). The lychee juice and lychee wine fermented with 
the T. delbrueckii monoculture were separated in the negative part of PC1 with 
higher OVAs of desirable cis-rose oxide, linalool and geraniol (Figure 5.4), 
indicating that T. delbrueckii monoculture could retain more desired lychee- 
and citrus-like aroma than other cultures. These two samples were separated 
from each other by PC2 with the significant difference of cis-rose oxide 
(Figure 5.4, Table 5.3). The lychee wines fermented with the S. cerevisiae 
mono- and simultaneous cultures shared similar locations in the PCA plot and 
were both separated from the sequential culture with significantly higher 
OAVs of acetic acid, ethyl hexanoate, ethyl decanoate, ethyl dodecanoate and 
2-phenylethyl acetate. The esters are expected to exhibit positive effects on 
the fruity and floral flavours of wine, but acetic acid may have a negative 
effect with sour and vinegar-like odours. The lychee wine fermented with the 
sequential culture was located on the upper right quadrant with the higher 
concentrations of ethanol, and higher OAVs of isobutyric acid (unwanted 
cheese-like odour), isoamyl alcohol (fruity and banana-like aroma), 
2-phenylethyl alcohol (rose-like aroma) and ethyl octanoate (fruity flavour) 
(Figure 5.4); most of which are sought after aroma compounds in lychee wine 
except isobutyric acid. Therefore, for mixed-culture fermentation, the 
simultaneous culture presented a similar characteristic to that of the S. 
cerevisiae monoculture, while the sequential culture showed a relatively 
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special character, differing from both monocultures. 
 
 
Figure 5.4. Bi-plot of principal component analysis of selected volatiles in 
lychee juice and final lychee wines. Lychee juice (★); T. delbrueckii 
monoculture (●); sequential culture (▼); simultaneous culture (■); S. 
cerevisiae monoculture (▤)   
(1) acetic acid; (2) isobutyric acid; (3) ethanol; (4) isoamyl alcohol; (5) 
2-phenylethyl alcohol; (6) ethyl hexanoate; (7) ethyl octanoate; (8) ethyl 
decanoate; (9) ethyl dodecanoate; (10) 2-phenylethyl acetate; (11) cis-rose 
oxide; (12) linalool; (13) geraniol 
 
5.3 Conclusions  
This study focused on the effects of T. delbrueckii PRELUDE and S. 
cerevisiae MERIT.ferm, which were used as mono-, sequential and 
simultaneous cultures, on the chemical compounds of lychee wines. The S. 
cerevisiae mono- and simultaneous cultures had similar effects on the wines 
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with the highest fermentative activity and lowest concentrations of terpenoids. 
Conversely, the T. delbrueckii monoculture showed the lowest fermentative 
activity but retained the highest contents of terpenoids. In sequential 
fermentation, initially inoculated T. delbrueckii PRELUDE contributed to low 
glycerol, acetic acid, fatty acids, and high amounts of terpenoids; 
subsequently inoculated S. cerevisiae MERIT.ferm significantly increased 
alcohols and most esters (Table 5.3). Therefore, the sequential culture could 





CHAPTER 6 Transformation of chemical constituents of 
lychee wine by simultaneous alcoholic and malolactic 
fermentations 
6.1 Introduction  
In Chapter 5, sequential fermentation of T. delbrueckii PRELUDE and S. 
cerevisiae MERIT.ferm was found to produce lychee wine that contained high 
amounts of both terpenoids originated from the lychee and alcohols and most 
esters generated from AF. Besides non-Saccharomyces, some O. oeni strains 
were also reported to possess glycosidase activities as described in Chapter 1, 
releasing monoterpenes from the corresponding glycoside precursors to 
enhance the fruity and floral flavour of the wine (Sumby et al., 2014; Ugliano 
& Moio, 2006). The capability of O. oeni to hydrolyse glycosylated aroma 
precursors is strain-dependent as well as being dependent on the substrate 
(Gagne et al., 2011, Ugliano, Genovese, & Moio, 2003). Some O. oeni strains 
(isolated from Lalvin 4 × VL 92, Lalvin-Inobacter, and Lalvin 3 × Standard) 
possessed high cumulative activities against β-D- and α-D-glucopyranoside 
substrates, while other O. oeni strains (isolated from Bitec Vino, Lallemand 
No. 4 and Lallemand No. 5) had a high capability of hydrolysing 
β-D-xylopyranoside, α-L-rhamnopyranoside and α-L-arabinofuranoside 
substrates (Grimaldi, Bartowsky, & Jiranek, 2005). In addition, the abiotic 
stresses during fermentation (such as pH, temperature, the presence of ethanol, 
and sugar) were found to impact on the regulation of β-glucosidase genes in 
several commercial strains of O. oeni and thus affecting the glycosidic ability 
of cells (Boido, Lloret, Medina, Carrai, & Della Cassa, 2002; Grimaldi et al., 
2005; Spano et al., 2005).  
In a preliminary test of MLF, the viable bacterium (sequentially 
inoculated after AF) could not grow in the lychee wine [Appendix D (Figure 
D1a)]. This indicated that the O. oeni stains could not be used as start cultures 
for sequential MLF. In preliminary co-fermentation, no significant difference 
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was found in the viable yeast cell counts among the different co-fermentations. 










 CFU/mL and 4.03×10
7
 CFU/mL for strains Enoferm Beta, 
PN4, and Viniflora
®
 Oenos, respectively [Appendix D (Figure D1b)]. There 
was a significant difference in the bacterial population between strain 
Viniflora
®
 Oenos and the other strains. Therefore, strain Viniflora
®
 Oenos was 
selected as the MLF starter culture for the simultaneous AF and MLF, 
together with S. cerevisiae MERIT.ferm. 
6.2 Results and discussion  
6.2.1 Cell population and nitrogen sources 
In the control fermentation, yeast cell counts increased from 
approximately 1.0×10
6 
CFU/mL to around 2.6×10
8 
CFU/mL in the first 5 days, 
then declined slightly by day 20 with final cell counts of about 7.2×10
7
 
CFU/mL (Figure 6.1, Table 6.1). No significant difference was found in the 
viable yeast cell counts between the control fermentation and co-fermentation 
in the first 10 days. However, the yeast population in co-fermentation 
decreased faster after that with final cell counts of about 1.0×10
7
 CFU/mL 
(Figure 6.1). This indicated that the growth of yeast in co-fermentation was 
inhibited by the growth of O.oeni.  
Previous studies showed that depletion of certain nutrients, production of 
inhibitory metabolites or degradation of yeast cell walls induced by bacteria 
could result in the death of yeast (Alexandrea et al., 2004). The strain of O. 
oeni grew from an initial cell count of 6.7×10
6 
CFU/mL to around 3.8×10
7 
CFU/mL in the first 5 days and then declined to 7.7×10
6
 CFU/mL (Figure 6.1, 
Table 6.1). Similar results were reported in the simultaneous MLF of grape 




Table 6.1 Oenological parameters of lychee juice (day 0) and lychee wines 
(day 20) after alcoholic fermentation (AF) and malolactic fermentation (MLF) 
 Lychee juice  
(Day 0) 
Lychee wines (Day 20) 




MERIT.ferm 0.10 ± 0.01
a
 7.15 ± 1.23
b









N.D. 0.77 ± 0.20
a
 







Brix  23.37 ± 0.13
a




Glycerol (% w/v) N.D. 0.67 ± 0.04
a
 0.63 ± 0.07
a
 
Ethanol (% v/v) 0.17 ± 0.01
a
 9.27 ± 0.90
b
 8.54 ± 0.33
b
 
Sugars (g/100 mL) 
Fructose 3.37 ± 0.23
 ***
LOQ LOQ 




 0.18 ± 0.01
b
 
Sucrose 15.57 ± 0.83 N.D. N.D. 
Organic Acids (g/100 mL) 
Citric acid 0.028 ± 0.002
a
 0.017 ± 0.002
b
 N.D. 
Tartaric acid 0.025 ± 0.001 
***
LOD LOD 
α-Ketoglutaric acid N.D. 0.008 ± 0.000a 0.005 ± 0.001b 
Malic acid 1.32 ± 0.08
a
 0.82 ± 0.00
b
 0.38 ± 0.01
c
 
Pyruvic acid LOD 0.008 ± 0.001 LOD 
Succinic acid 0.79 ± 0.04
a
 0.77 ± 0.01
a
 0.81 ± 0.03
a
 
Lactic acid N.D. 0.06 ± 0.00
a
 0.63 ± 0.01
b
 
Acetic acid N.D. 0.040 ± 0.004
a




a,b,c, Statistical analysis ANOVA (n = 3) at 95% confidence level with same letters indicating 
no significant difference  
*Only in MLF. 
**N.D., not detected. 




Figure 6.1. Changes in cell counts of S. cerevisiae MERIT.ferm and O.oeni 
Viniflora
®
 Oenos throughout AF and MLF of lychee wine. S. cerevisiae 
monoculture (●); S. cerevisiae in co-culture (〇); O.oeni in co-culture (▽). 
 
Ammonia and amino acids, as the nitrogen sources, were utilised for the 
growth of the yeast and bacteria. For the control fermentation, most of the 
nitrogen sources were depleted or consumed to trace levels with only 23.84 
mg N/L remaining (Table 6.2), while the nitrogen sources that remained after 
co-fermentation were about 55.01 mg N/L. Among the nitrogen sources, the 
consumption of ammonia by both fermentations was similar, while the 
amounts of amino acids that remained in the co-culture were much higher than 
those in the S. cerevisiae monoculture (Table 6.2). This might be because the 
addition of O. oeni could inhibit the uptake and/or utilisation of amino acids 
by S. cerevisiae and thus decreasing the yeast growth as discussed above 
(Figure 6.1). Moreover, early death of yeast would have released amino acids, 
contributing to the higher concentrations of residual amino acids in the 
co-culture. The proteolytic activity of O. oeni could also liberate some amino 
Time (days)



























acids from the nitrogenous macromolecular fractions (Farias & Manca de 
Nadra, 2000), which would be another reason for the higher amounts of amino 
acids remaining in the co-culture. Therefore, the final concentrations of amino 
acids in the co-fermented wine were a net balance between utilisation and 
release of amino acids by both yeast and bacteria.  
 
Table 6.2 Ammonia and amino acid concentrations of lychee juice (day 0) and 
lychee wines (day 20) after alcoholic fermentation (AF) and malolactic 
fermentation (MLF) 
 
 Lychee Juice 
(Day 0) 
Lychee wines (Day 20)
 
AF MLF 


















































































































The total nitrogen concentrations (mg N/L) 
Total  110.84 ± 5.40
a
 23.84 ± 4.14
b




a,b,c Statistical analysis ANOVA (n = 3) at 95% confidence level with same letters indicating 
no significant difference;  




6.2.2 Total soluble solids, sugars, ethanol and glycerol  
The total soluble solids were reduced from about 23% to around 10% in 
the first 5 days, and then declined slightly to about 7% on the final day for 
both fermentations (Table 6.1). Similarly, there was also no significant 
difference in the consumption of sucrose, glucose and fructose between AF 
and MLF. For both fermentations, sucrose was depleted in the first 5 days and 
most of glucose and fructose were utilised in the first 10 days with similar 
trends [Appendix D (Figure D2a, D2b, D2c)], at which time the alcoholic 
fermentation finished in both fermentations. This result was consistent with 
similar growth of S. cerevisiae in the first 10 days for both AF and 
co-fermentation (Figure 6.1). This indicated that that the growth of O.oeni 
inhibited the viability of yeast in co-fermentation mainly after the first 10 days 
(discussed above), while MLF did not significantly affect the primary 
fermentation of S. cerevisiae, nor the capability of sugar consumption by S. 
cerevisiae, as reported by Abrahamse & Bartowsky (2012). In other words, 
glycolysis of glucose and fructose by S. cerevisiae played a dominant role in 
sugar metabolism during co-fermentation. Therefore, the final concentration 
of ethanol produced via glycolysis in both fermentations had no significant 
difference (Table 6.1). 
Because of the similar trend of glycolysis in AF and MLF, the 
concentration of glycerol produced during both fermentations was similar 
(Table 6.1). This result was consisted with a previous report (Rossouw, Du 
Toit, & Bauer, 2012). Therefore, co-inoculation of O. oeni could accelerate the 
death of yeast, but did not inhibit AF. 
6.2.3 pH and organic acids  
The pH value of lychee wines after MLF significantly increased by about 
0.2 unit relative to AF (Figure 6.2a), which was consistent with previous 
studies and was mainly related with the metabolism of malic acid by O. oeni  
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(Bartowsky & Pretorius, 2008; Maicas, Pardo, & Ferrer, 1999). Over 70% of 
malic acid in the co-culture was utilised and the acid remaining in the 
co-fermented wines (0.38 g/100 mL) was significantly lower than that in the 
AF wine (0.82 g/100 mL) (Table 6.1, Figure 6.2b). In addition, most of malic 
acid was consumed (from 1.32 g/100 mL to 0.40 g/100 mL) by O. oeni in the 
first 10 days, which was consistent with bacterial growth (Figure 6.1, Figure 
6.2b). As producer of malic acid metabolism, much more lactic acid was 
produced (0.63 g/100 mL) during co-fermentation (Table 6.1, Figure 6.2c). It 
must be stressed that O.oeni catabolised L-malic acid to L-lactic acid only, not 
D-malic acid, some of which remained in the wine and some were absorbed 
by the yeast (as discussed in Chapter 3). Therefore, significant degradation of 
malic acid and production of lactic acid during co-fermentation can be 
attributed to MLF, resuling in deacidification and raising the pH. 
Figure 6.2. Changes in pH (a) and concentrations of malic acid (b), lactic acid 
(c), and citric acid (d) throughout AF (●) and MLF (〇) of lychee wine. 
a                                   b 
Time (days)




































c                                   d 
Lactic acid
Time (days)





























































Besides malic acid, metabolism of citric acid by O. oeni also produces 
lactic acid (Figure 1.3 in Chapter 1). In co-fermentation, metabolism of citric 
acid occurred mainly from day 5 to day 10, which was slightly after that of 
malic acid catabolism (Figure 6.2b-d), as reported by Swiegers et al. (2005). 
During citric acid metabolism by O. oeni, acetic acid was released from citric 
acid via citrate lyase (Swiegers et al., 2005). Therefore, the content of acetic 
acid in co-fermentation was significantly higher than that in AF in the early 
stage of fermentation (Figure 6.3a). However, the final concentrations of 
acetic acid between AF and MLF wines were not statistically different (Table 
6.1), was consistent with many previous studies (Jussier, Dube Morneau, & 
Mira de Orduna, 2006; Zapparoli, Tosi, & Krieger, 2006). This could be 
because more acetic acid in co-fermentation was utilised for the synthesis of 
fatty acids or acetate esters by the yeast (discussed below). 
Figure 6.3. Changes in acetic acid (a), ethyl lactate (b), isoamyl acetate (c), 
and geraniol (d) throughout AF (●) and MLF (〇) of lychee wine. 
a                                    b 
Acetic acid
Time (days)








































c                                     d 
Isoamyl acetate
Time (days)














































There were 76 volatiles and 74 volatiles detected in the AF and MLF 
lychee wines, respectively. In both lychee wines, alcohols (including ethanol) 
accounted for about 86% of RPA to total peak areas, followed by about 13.5% 
RPA for esters. The RPA of terpene derivatives, which was 16.00% in lychee 
juice, was only 0.10% and 0.15% after AF and MLF, respectively [Appendix 
D (Table D1)]. Among these volatiles, around 50 volatiles had similar RPAs in 
both fermentations (including acetaldehyde and acetoin) [Appendix D (Table 
D1)], while diacetyl and 2,3-butanediol were not detected in the co-fermented 
wines, which could be due to the low content of citric acid and inhibition of 
citric acid metabolism by glucose under anaerobic conditions (Bartowsky & 
Henschke, 2004; Nielsen & Richelieu, 1999). Further, citric acid catabolism 
may produce relatively a high amount of acetic acid instead of diacetyl when 
MLF is fast with a high inoculum of bacteria (around 5 × 10
6
 CFU/mL) 
(Bartowsky & Henschke, 2004).  
The different volatiles between AF and MLF wines were mainly in the 
groups of acids, alcohols, esters and terpene derivatives. Concentrations of 
hexanoic, octanoic and decanoic acids were higher in the co-culture (Table 
6.3), which was consistent with a previous study (Maicas et al., 1999). As 
discussed above, the level of acetic acid was significantly higher in the initial 
stage of co-fermentation in association with citric acid catabolism by O. oeni, 
and thus, more acetyl-CoAs and fatty acid-CoAs were formed from acetic acid 
through a series of reactions catalysed by yeast (Pronk, Steensma, & van 
Dijken, 1996), resulting in the higher concentration of fatty acids.  
On the other hand, medium-chain fatty acids could increase under the 
condition of oxygen limitation (Bardi, Cocito, Marzona, 1999). The decrease 
of oxygen level during co-fermentation may thus increase C6-C10 fatty acids 
(Rossouw et al., 2012). All fatty acids in the wines were at levels lower than 
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their odour detection thresholds with the exception of isobutyric acid in AF, 
which could impart cheesy and buttery odour to the final wine (Table 6.3). 
Isobutyric acid can be formed from the metabolism of L-valine via the Ehrlich 
pathway and thus, the higher amount of isobutyric acid produced by S. 
cerevisiae alone could be the result of more consumption of L-valine (Table 
6.2, Table 6.3). 
Similar to ethanol, the main alcohols produced during co-fermentation 
were slightly lower than those produced during AF (Table 6.3). Isobutyl 
alcohol, isoamyl alcohol, active amyl alcohol and 2-phenylethyl alcohol are 
mainly produced from L-valine, L-leucine, L-isoleucine and L-phenylalanine 
via the Ehrlich pathway by S. cerevisiae, respectively as discussed in Chapter 
3. Therefore, the lower production of higher alcohols by the co-culture was 
consistent with the lower consumption of related amino acids (Table 6.2, 
Table 6.3). However, the differences among these alcohols were not 
significant between both wines. Only 2-phenylethyl alcohol had high OAVs>1 
and can impart floral and rose flavour notes to the resultant wine (Table 6.3). 
Most esters showed no significant difference between both wines, except 
that the amounts of ethyl lactate, isoamyl acetate and citronellyl acetate were 
significantly higher in the co-culture (Figure 6.3b, Figure 6.3c, Table 6.3). 
The amount of ethyl lactate (in terms of peak area) in the co-culture was over 
10 times than that produced by S. cerevisiae monoculture. Ethyl lactate 
production correlated with lactic acid formation in co-fermentation (Figure 
6.2c, Figure 6.3c) and thus, the sharp increase of the precursor lactic acid in 
the co-culture enabled the rapid synthesis of ethyl lactate. Ethyl lactate is a 
likely product of O. oeni metabolism and previous studies revealed similar 
findings (Abrahamse & Bartowsky, 2012; Rossouw et al., 2012). Ethyl lactate 
could contribute a strawberry-like flavour note to the lychee wine, but its 
odour detection threshold is much higher (about 14 mg/L) than other ethyl 




Table 6.3 Concentrations of main volatile compounds (mg/L) and their odour activity values (OAVs) in lychee juice (day 0) and lychee wines 

























Lychee juice (day 0) 
Lychee wines 
(Day 20)  AF 
Lychee wines  
(Day 20) MLF Odour 
threshold 
(mg/L) 
Compounds Concentration OAV Concentration OAV Concentration OAV 
Hexanoic acid 1845 
*
 N.D. - 1.51 ± 0.10
a





Octanoic acid 2061 0.12 ± 0.02
a
 0.01 0.52 ± 0.07
b





Decanoic acid 2255  0.04 ± 0.01
a
 0.004 0.41 ± 0.02
b





Isobutyric acid 1572 N.D. - 0.20 ± 0.01
a
 3.93 N.D. - 0.05
λ
 
Isobutyl alcohol 1083 N.D. - 10.77 ± 2.23
a





Active amyl alcohol 1212 N.D. - 0.76 ± 0.23
a





Isoamyl alcohol 1210 0.57 ± 0.07
a
 0.02 11.98 ± 1.27
b





2-Phenylethyl alcohol 1927 0.93 ± 0.04
a
 0.09 26.24 ± 0.44
b





1-Butanol 1160 N.D. - 0.050 ± 0.011
a
 0.0003 0.046 ± 0.008
a
 0.0003 150‡ 
1-Octanol 1556 0.004 ± 0.001
a
 0.04 0.014 ± 0.002
b
 0.13 0.015 ± 0.003
b
 0.14 0.11## 
Ethyl acetate - 0.48 ± 0.05
a
 0.06 1.18 ± 0.13
b





Ethyl hexanoate 1227 0.004 ± 0.001
a
 0.80 0.27 ± 0.01
b





Ethyl octanoate 1435 0.003 ± 0.000
a
 1.48 2.82 ± 0.68
b





Ethyl decanoate 1648 0.01 ± 0.00
a
 0.05 19.10 ± 3.90
b





Ethyl dodecanoate 1849 0.01 ± 0.00
a
 0.002 1.69 ± 0.16
b


























a,b,c Statistical analysis ANOVA (n=3) at 95% confidence level with same letters indicating no significant difference. *N.D. not detected.   
‡ Guth (1997); λvan Gemert (2003); 
∮
Pino & Queris (2011); ¢ Ong & Acree (1999); # Bartowsky & Pretorius (2008); # # Fazzalari (1978); ЖYamamoto et al. (2004); §Li et al. 
(2008); 
∽
Swiegers et al. (2005).
 
LRI Lychee juice (day 0) 
Lychee wines  
(Day 20) AF 
Lychee wines  
(Day 20) MLF Odour 
threshold 
(mg/L) 
Compounds  Concentration OAV Concentration OAV Concentration OAV 
Isobutyl octanoate 1551 N.D. - 0.014 ± 0.002
a





Isobutyl decanoate  1758 N.D. - 0.033 ± 0.004
a
 - 0.031 ± 0.007
a
 - - 
Isoamyl acetate 1118 0.003 ± 0.000
a
 0.09 0.028 ± 0.002
b





Isoamyl hexanoate 1448 N.D. - 0.0022 ± 0.0002
a
 0.0015 0.0023 ± 0.0004
a
 0.0016 1.4‡ 
Isoamyl octanoate 1663 N.D. - 0.063 ± 0.014
a





Isoamyl decanoate 1866 N.D. - 0.14 ± 0.03
a





2-Phenylethyl acetate 1830 0.01 ± 0.000
a
 0.02 0.20 ± 0.02
b





Citronellyl acetate 1664 N.D. - 0.024 ± 0.001
a





Citronellol 1766 0.005 ± 0.000
a
 0.05 0.049 ± 0.004
b





Linalool 1546 0.025 ± 0.002
a
 8.35 0.0006 ± 0.0001
b





Geraniol 1850 0.11 ± 0.00
a





cis-Rose oxide  1352 0.013 ± 0.001
a
 65.66 0.002 ± 0.000
b







Among the acetate esters found in this study, only isoamyl acetate in the 
co-culture was above its odour detection threshold (Table 6.3). The 
concentration of isoamyl acetate continuously increased until day 10 in the 
co-culture, but it declined from day 2 in the S. cerevisiae monoculture (Figure 
6.3c). This could be explained by the higher amounts of the precursor acetic 
acid in the co-culture (Figure 6.3a).  
Geraniol (OAV, 3.80), linalool (OAV, 8.35) and cis-rose oxide (OAV, 
65.66) were the main oxygenated monoterpenes in the lychee juice (Table 
6.3), which all had a similar trend with a sharp decrease in the first 5 days of 
both fermentations (Figure 6.3d). The rapid reduction of terpene derivatives 
could be related to their volatility, biotransformation or entry into cell 
membrane (as discussed in Chapter 3 & 4 & 5). Volatiles might also be 
adsorbed onto polysaccharides and peptidoglycans produced by O. oeni 
during MLF (Boido et al., 2002). All of these terpene derivatives in the 
co-culture were significantly higher than those in the Saccharomyces 
monoculture, among which linalool and cis-rose oxide in the co-culture were 
at levels higher than their odour detection thresholds (OAV, 2.00 and 37.41, 
respectively) and the geraniol level was near its odour detection threshold 
(OAV, 0.96) (Table 6.3). Therefore, retention of these terpene derivatives after 
co-fermentation could contribute the characteristic citrus and rose aroma in 
the final wines.  
The evolution of the oxygenated monoterpenes (e.g. geraniol) seemed to 
have an inverse relationship with yeast growth (Figure 6.1a, Figure 6.3d). As 
the trend of ethanol production during both fermentations was not 
significantly different [Appendix D (Figure D2d)], the differences in yeast cell 
counts could be a key factor that caused the different levels of residual 
monoterpenes between AF and co-fermented wines. In other words, higher 
yeast populations could enable more terpenes to enter the yeast cell membrane 
(similar result in Chapter 5). Therefore, controlling the growth of yeast may 




Moreover, the concentration of geraniol slightly increased in the later 
stage of co-fermentation (Figure 6.3d), which had a similar trend with the 
concentration of linalool (data not shown). The higher concentration of 
citronellol concurred with the higher amountof citronellyl acetate in the 
co-fermented wine (Table 6.3). It indicated that more concentrations of 
monoterpenols were released from glycoside hydrolysis in MLF than in AF 
alone. As mentioned above, glycoside hydrolysis may occur enzymatically 
through glucosidases (yeast-derived and/ or bacteria-derived) and/or via acid 
hydrolysis (Ugliano & Henschke, 2009; Ugliano et al. 2003). Therefore, the 
higher amounts of residual monoterpenes in co-fermented wine could be 
related to the β-glucosidase activity in O. oeni, as well as the action of acids 
during MLF.  
Grimaldi et al. (2005) and Ugliano et al. (2003) both reported that 
β-glucosidase activity in O. oeni strains was inhibited by low pH. In our study, 
the pH value of co-fermented wine was 0.2 unit higher than that of AF wine 
(Table 6.1), which could contribute to the increased β-glucosidase activity 
observed in O. oeni. On the other hand, the deacidification of MLF would 
mitigate the acid-catalysed transformation of geraniol to linalool, although the 
rate of natural acid-driven transformation from the precursor fraction at low 
temperature was much slower than the fast acid catalysed conversion at high 
temperature (100
o
C) and the biotransformation caused by fermentation 
(Loscos, Hernandez-Orte, Cacho, & Ferreira, 2007; Skouroumounis & Sefton, 
2000). Therefore, the concentrations of residual monoterpenes in lychee wine 
were affected by cell populations, culture strains, pH and temperature, but 
were mainly attributed to MLF. The quantification of the monoterpenol 
released by different pathways (yeast-derived glycosidases, bacteria-derived 
glycosidases and acid-driven transformation) would be carried out in the 
further. 
Geraniol could also be metabolised into cis-rose oxide by some yeast 
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strains (Steyer et al., 2012). In our study, the concentration of cis-rose oxide in 
co-culture was much higher than in S. cerevisiae monoculture (Table 6.3). 
Koslitz et al. (2008) found cis-rose oxide was produced from a precursor 
(E)-3,7-dimethyl octa-2,5-dien-1,7-diol (peroxidation of geraniol) via at least 
two different reductive pathways by yeasts. However, the biosynthetic 
pathway for the formation of cis-rose oxide by O. oeni during MLF is still not 
clear. Cis-rose oxide in both fermentations (Table 6.3) had a positively effect 
on the rose aroma of wine because of its high odor activity (Guth, 1997). 
6.3 Conclusions  
This study evaluated the biotransformational effect of co-inoculation of 
O. oeni and S. cerevisiae on the chemical components of lychee wine. O. oeni 
did not affect sugar consumption and ethanol production. This bacterium 
converted L-malic acid into L-lactic acid with concomitant formation of ethyl 
lactate, besides degradation of citric acid to lactic acid and acetic acid. There 
was no excessive level of undesirable acetic acid relative to yeast fermentation 
alone. Bacteria-yeast co-fermentation resulted in higher retention of key 
lychee aroma-impact compounds (linalool, geraniol and cis-rose oxide). 
Therefore, co-inoculation of O. oeni and yeast would be an effective strategy 




CHAPTER 7 Impact of addition of aromatic amino acids on 
chemical constituents in lychee wine fermented with 
Saccharomyces cerevisiae MERIT.ferm 
7.1 Introduction  
Besides the selection of yeasts and bacteria for AF and MLF described in 
previous chapters, supplements of nitrogen sources could also affect the 
flavour of wine. Flavour modulation using selective amino acids was 
previously demonstrated in papaya wine (Lee et al., 2011) and longan wine 
(Trinh et al., 2012), yet to be studied in lychee wine. Therefore, in this chapter, 
single aromatic amino acids (L-phenylalanine, L-tryptophan and L-tyrosine) 
were added individually before the AF of lychee wine in order to accentutate 
the formation of targeted flavour compounds such as aromatic alcohols and 
related esters, since lychee is deficient in key amino acids that can serve as 
flavour precursors (Table 3.2 in Chapter 3). 
All the added aromatic amino acids were hypothesised to be catabolised 
to produce their corresponding predominantly alcohols via Ehrlich pathway, as 
described in Chapter 1, although aldehydes and acids may be produced to a 
small extent. Other possible flavour compounds include esters that would 
impact flavour beneficially, although some volatiles may affect flavour 
negatively if produced at higher levels such as indole (Arevalo-Villena et al., 
2010). This work attempted to target the modification of the flavour of wine, 
while avoiding potential undesiable flavour impacts. 
7.2 Results and discussion  
7.2.1 Yeast population 
The viable yeast cell count increased from an initial cell count of 
approximately 6.62×10
5 
CFU/mL to over 10
8 
CFU/mL for the control and 
fermentations supplemented with aromatic amino acids. No significant 
difference was found in the viable yeast cell counts among the different 




Table 7.1 Parameters of lychee juice (day 0) and lychee wines (day 10) 





Lychee wines (Day 10) 





0.07 ± 0.02a 16.08 ± 4.43b 12.90 ± 5.10b 14.30 ±6.92b 15.40 ± 2.51b 
pH 3.58 ± 0.05
ab 3.52 ± 0.04a 3.67 ± 0.02b 3.56 ± 0.06ab 3.62 ± 0.06ab 
°Brix 22.86 ± 0.35a 7.03 ± 0.32b 6.89 ± 0.16b 7.17 ± 0.27b 7.04 ± 0.12b 




N.D 0.87 ± 0.11a 0.56 ± 0.03b 0.64 ± 0.02b 0.58 ± 0.04b 
Ethanol    
(% v/v) 
 
0.13 ± 0.01a 9.31 ± 0.48b 9.05 ± 0.49b 9.51 ± 0.57b 9.45 ± 0.49b 
Sugars (g/100 mL)     
Fructose 2.63 ± 0.06a 0.03 ± 0.00b 0.05 ± 0.02b 0.04 ± 0.0 b 0.04 ± 0.01b 
Glucose 4.37 ± 0.06 a 0.20 ± 0.00b 0.22 ± 0.01b 0.17 ± 0.00b 0.23 ± 0.01b 
Sucrose 17.08 ± 0.34a N.D. 0.08 ± 0.00b N.D. N.D. 
Organic acids (g/100 mL)     
Oxalic acid 0.003 ± 0.000a 0.002 ± 0.000b 0.002 ± 0.000b 0.002 ± 0.000b 0.002 ± 0.001b 
Tartaric acid 0.043 ± 0.002 N.D. N.D. N.D. N.D. 
α-Ketoglutaric 
acid 
N.D. 0.015 ± 0.004a 0.012 ± 0.001a 0.013 ± 0.003a 0.013 ± 0.002a 
Malic acid 1.23 ± 0.03a 0.84 ± 0.03b 0.83 ± 0.02b 0.82 ± 0.03b 0.84 ± 0.02b 
Pyruvic acid N.D. 0.071 ± 0.004a 0.061 ± 0.002b 0.070 ± 0.004a 0.070 ± 0.003a 
Succinic acid 0.59 ± 0.01ab 0.66 ± 0.03c 0.57 ± 0.02a 0.65 ± 0.03c 0.65 ± 0.03c 
Lactic acid N.D. 0.086 ± 0.005a 0.078 ± 0.002a 0.078 ± 0.005a 0.114 ± 0.034a 
a,b,cStatistical analysis at 95% confidence level with same letters indicating no significant 
difference. 
*N.D., not detected. 
 
7.2.2 Total soluble solids, sugars and glycerol  
The total soluble solids content decreased sharply during the first 4 days 
of fermentation [Appendix E (Figure E1)]. The °Brix values remained at 
around 6.64-7.17% towards the end of fermentation (Table 7.1). No 
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significant difference was found in the kinetics of total soluble solids 
reduction across the different treatments. Sucrose was completely metabolised 
while only trace quantities of fructose and glucose were present at the end of 
fermentation (Table 7.1). There was no significant difference in the trend and 
extent of consumption of sucrose, glucose and fructose among the different 
treatments. This indicated that the lychee juice was not deficient in nitrogen. 
These results were in agreement with some studies which showed that 
nitrogen supplementation in the form of amino acids (individually or mixture) 
did not have any effect on the time of fermentation (Garde-Cerdan & 
Ancin-Azpilicueta, 2008; Lee et al., 2011; Lee et al., 2013). However, these 
data must be interpreted with caution and evaluated in relation to the nitrogen 
status of the juice. 
The glycerol concentrations obtained at the end of fermentation varied 
between 0.56-0.87 % (w/v) (Table 7.1). Based on Figure 7.1, the glycerol 
concentrations increased to 0.67-0.83 % (w/v) on day 2, then remained 
relatively stable. According to the results of Chapter 3-6, the production of 
glycerol had a positive relationship with the trend of glycolysis. However, in 
this study, the addition of aromatic amino acids did not affect sugar 
metabolism, but significantly lowered the amounts of glycerol produced 
(Figure 7.1).  
This could be because the concentration of glycerol is also regulated by 
osmotic pressure and the amounts of other osmoprotectants. The main roles of 
glycerol are in the reoxidation of NADH produced by anabolic metabolism 
and the regulation of osmotic pressure in the presence of high sugar 
concentrations and other stressors such as SO2 (Ugliano & Henschke, 2009). 
During the first 2 days of fermentation, the hydrolysis of sucrose by yeast in 
vertase increased the concentration of fructose and glucose, which could cause 
osmotic pressure and rapidly increase the concentration of glycerol (Batista, 
Miletti, & Stambuk, 2005). On the other hand, some amino acids such as 
proline could serve as osmoprotectants, thus reducing the need for glycerol 
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formation (Takagi, 2008). There seemed to be a correlation between amino 
acid addition, proline degradation and glycerol production (discussed below). 
Glycerol
Time (days)


























Figure 7.1. Changes in glycerol concentration throughout lychee wine 
fermentation with different aromatic amino acid treatments. Control (●); 
L-phenylalanine added (▼); L-tryptophan added (■); L-tyrosine added (▤). 
 
7.2.3 pH and organic acids 
Most organic acids are metabolic intermediates which serve as precursors 
for the biosynthesis of other compounds and help maintain the redox balance 
(Ugliano & Henschke, 2009). The concentrations of malic and tartaric acids 
were significantly reduced, while α-ketoglutaric, pyruvic and lactic acids were 
produced (Table 7.1). As discussed in Chapter 3, the significant reduction of 
malic acid might be a result that D-malic acid molecules entered the S. 
cerevisiae cells by passive diffusion (Coloretti et al., 2002). The reduction in 
tartaric acid was likely related to the precipitation of tartaric acid as potassium 
hydrogen tartrate (Gao & Fleet, 1995). There was no significant difference 
among most organic acids for the different treatments, while the 
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concentrations of succinic and pyruvic acids were significantly lower in the 
lychee wine supplemented with L-Phe (Table 7.1).  
The decreased succinic acid production in the lychee wine with L-Phe 
addition could be due to less proline being converted into glutamate and less 
α-KG that would otherwise enter the TCA cycle (Table 7.1, Table 7.2). 
Succinic acid is mainly formed via the reductive path of the TCA cycle and it 
has an unusual salty and bitter taste which could negatively affect wine quality 
(Ugliano & Henschke, 2009). Some studies reported a decreased succinate 
concentration with the addition of inorganic and organic nitrogen while others 
found the addition of amino acids that would affect the TCA cycle such as 
glutamate, asparagine, proline, glutamine, threonine and γ-aminobutyric acid 
could enhance succinate production (Torrea, Varela, Ugliano, 
Ancin-Azpilicueta, Francis, & Henschke, 2011). Therefore, the determined 
organic acid contents of the wines were mostly the results of the balance 
between utilisation and production. 
7.2.4 Amino acids  
Proline (11.44 mM) and alanine (5.23 mM) were the main amino acids in 
lychee juice, while cysteine was not found in the lychee juice (Table 7.2). 
Almost all of the amino acids and ammonia were decreased after 
fermentations (Table 7.2). The concentrations of most of these amino acids at 
the end of fermentation were similar among the different treatments, 
indicating that any excess amino acid added was consumed by the yeast. The 
addition of aromatic amino acids had a significant impact on the metabolism 
of only a few other amino acids, typically proline and arginine, which had 
significantly higher residual concentrations in the resultant lychee wines with 





Table 7.2 Amino acid contents of lychee juice (day 0) and lychee wines (day 
10) fermented with S. cerevisiae MERIT.ferm and suuplemented with 




Lychee wines (Day 10) 
Control L-Phe L-Trp L-Tyr 
NH3 
(mM) 
4.85 ± 0.78a 0.10 ± 0.02b 0.10 ± 0.01b 0.06 ± 0.01b 
 
0.07 ± 0.00b 
 
Amino acid (mM) 
Asp 1.55 ± 0.20a 0.05 ± 0.00b 0.06 ± 0.01b 0.06 ± 0.01b 
 
0.06 ± 0.01b 
 
Ser&Asn 1.44 ± 0.16a 0.16 ± 0.02b 0.14 ± 0.01b 0.13 ± 0.04b 
 
0.14 ± 0.01b 
 
Glu 0.17 ± 0.02a 0.14 ± 0.02b 0.10 ± 0.02c 0.10 ± 0.01c 
 
0.09 ± 0.01c 
 
Gly 0.44 ± 0.04a 0.28 ± 0.02b 0.37 ± 0.01c 0.33 ± 0.04c 
 




1.54 ± 0.16a 0.08 ± 0.02b 0.07 ± 0.00b 0.08 ± 0.01b 
 
0.11 ± 0.04b 
 
Arg 1.49 ± 0.14a 0.09 ± 0.03b 0.31 ± 0.00c 0.33 ± 0.01c 
 
0.40 ± 0.01c 
 
Thr 0.38 ± 0.03a 0.10 ± 0.01b 0.10 ± 0.02b 0.10 ± 0.02b 
 
0.10 ± 0.02b 
 
Ala 5.23 ± 0.72a 0.38 ± 0.16b 0.39 ± 0.03b 0.45 ± 0.05b 
 
0.48 ± 0.10b 
 
Pro 11.44 ± 1.82a 0.14 ± 0.07b 9.86 ± 2.53ac 7.35 ± 0.73c 
 
8.10 ± 0.76ac 
 
Tyr *0.18 ± 0.01a 0.01 ± 0.00b 0.02 ± 0.00b 0.01 ± 0.00b 
 
0.02 ± 0.01b 
 
Val 1.16 ± 0.17a 0.25 ± 0.12b 0.28 ± 0.02b 0.24 ± 0.06b 
 
0.31 ± 0.06b 
 
Met 0.20 ± 0.03a 
**N.D. N.D. 0.06 ± 0.01b N.D. 
Lys 0.17 ± 0.02a 0.05 ± 0.01b 0.05 ± 0.01b 0.05 ± 0.01b 
 
0.06 ± 0.01b 
 
Ile 0.21 ± 0.02a 0.05 ± 0.01b 0.04 ± 0.00b 
 
0.04 ± 0.01b 
 
0.04 ± 0.01b 
 
Leu 0.14 ± 0.01a 0.03 ± 0.00b 0.02 ± 0.00b 
 
0.03 ± 0.01b 
 
0.03 ± 0.01b 
 
Phe *0.32 ± 0.02a 0.03 ± 0.01b 0.02 ± 0.00b 
 
0.02 ± 0.01b 
 
0.02 ± 0.01b 
 
Trp *0.07 ± 0.01a 0.03 ± 0.00b 0.03 ± 0.00b 
 
0.05 ± 0.02ab 
 
0.03 ± 0.00b 
 
The total nitrogen concentration (mg N/L) 
Total ***- 35.28 ± 9.38a 184.03 ± 38.15b 150.71 ± 16.18b 167.37±17.15b 
a,b,cStatistical analysis at 95% confidence level with same letters indicating no significant difference.   
*
Tyr, Phe and Trp were 2.13 ± 0.20b mM, 3.74 ± 0.28b mM, and 2.46 ± 0.09b mM in lychee juice 
with respective amino acid addition  
**
N.D., not detected. 
***The total amino acid concentrations of lychee juices were 542.08 ± 71.82 N mg/L (before amino 
acid addition), 589.96 ± 75.46 N mg/L (L-Phe addition), 609.00 ± 74.06 N mg/L (L-Trp 





Proline consumption was significantly higher in the control fermentation 
(Table 7.2), despite it being the least preferred nitrogen source. This agreed 
with the results obtained by Arias-Gil et al. (2007), who found that the 
addition of a mixture of amino acids had similar effects of reducing proline 
consumption. In a medium deficient in good nitrogen sources, an increase in 
the activity of general amino acid permease and proline permease has been 
reported (Bell & Henschke, 2005). Due to the addition of easily utilisable 
L-Phe, L-Trp and L-Tyr, the least preferred proline would be conserved in 
yeast and more proline was available for osmoregulation. Proline could serve 
as an osmolyte and balance the osmotic difference between the yeast cells and 
the wine matrix, consequently reducing the need for synthesis of glycerol to 
counter the osmotic pressure (Takagi et al., 2005). Therefore, the high levels 
of proline in the resultant lychee wine supplemented with aromatic amino 
acids were accompanied by lower levels of glycerol than the control.  
As mentioned in Chapter 3, S. cerevisiae can also synthesise proline 
from glutamate and proline can be converted into glutamate (Takagi et al., 
2005). A significantly higher amount of residual glutamate was present in the 
control wine where proline consumption was the highest among the various 
treatments (Table 7.2). This suggested that more glutamate could have been 
generated from proline in the control wine to serve as a source of α-KG and 
ammonium for the yeasts (Arias-Gil et al., 2007). α-KG serves as a preferred 
amino acceptor for the transamination of other amino acids. Moreover, proline 
can be synthesised by S. cerevisiae from arginine (Takagi, 2008). In this study, 
the amounts of residual arginine were significantly lower in the control lychee 
wine (Table 7.2). This indicated that more arginine in the control wine was 
converted into proline. Thus, the amount of proline obtained at the end of 
fermentation could be a result of the net balance between production and 
utilisation of proline via different metabolic pathways. 
For other amino acids, leucine, lysine, histidine and methionine were 
essential amino acids for the growth of S. cerevisiae (Santos, Leão, & Sousa, 
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2013; Sutherland, Henschke, Langridge, & De Barros Lopes, 2003). The 
addition of aromatic amino acids did not affect the utilisation of these 
essential amino acids with the exception of methionine. The addition of L-Trp 
could significantly lower the consumption of methionine by yeast. 
7.2.5 Volatiles 
Alcohols were the most abundant group of volatiles in the lychee wines, 
accounting for more than 85% RPA of the total volatiles identified [Appendix 
E (Table E1)]. The control and amino acid-supplemented wines had similar 
amounts of alcohols at the end of fermentation. Ethanol was the major alcohol 
since it made up more than 97% of the total peak area of the alcohols in the 
lychee wines [Appendix E (Table E1)], reaching about 9% (v/v) (Table 7.1). 
Most of the alcohols had OAVs of less than one, with the exception of 
2-phenylethyl alcohol. The greatest increase in 2-phenylethyl alcohol was 
observed for the wine supplemented with L-Phe, reaching to 302.16 mg/L 
(OAV, 30.22) (Table 7.3), which can be explained via Enrlich pathway 
(Figure 1.4).  
There was no significant difference in the amount of acetic acid produced 
with the addition of amino acids (Table 7.3). Most of the fatty acids increased 
at the end of fermentation. Lower concentrations of isobutyric acid and 
dodecanoic acid and a higher concentration of decanoic acid were produced 
with the addition of L-Trp and L-Tyr (Table 7.3). Hexanoic acid was only 
produced in the fermentations supplemented with amino acids. 
2-Ethylhexanoic acid in the juice was completely consumed by the end of 





Table 7.3 The concentrations of main volatile compounds (mg/L) and their odour activity values (OAV) in lychee juice (day 0) and lychee 
wines (day 10) fermented by S.cerevisiae MERIT.ferm, with and without addition of aromatic amino acids 
 




Concentration OAV Concentration  OAV Concentration OAV Concentration OAV Concentration OAV 
Acetic acid 362.56 ± 32.1a 1.81 217.15 ± 38.16b 1.09 267.29 ± 36.41b 1.34 224.01 ± 49.87b 1.12 216.70 ± 52.46b 1.08 200‡ 
Octanoic acid 0.17 ± 0.00a 0.02 4.42 ± 0.61b 0.50 3.43 ± 0.11b 0.39 4.40 ± 0.68b 0.50 4.37 ± 0.69b 0.50 8.8‡ 
Decanoic acid 0.30 ± 0.00a 0.03 5.24 ± 1.05b 0.52 4.88 ± 0.31b 0.49 7.77 ± 1.28c 0.78 7.42 ± 0.54c 0.74 10
∮
 
Dodecanoic acid *N.D. - 0.61 ± 0.08a 0.61 0.63 ± 0.05a 0.63 0.49 ± 0.05b 0.49 0.46 ± 0.03b 0.46 1ω 
Isobutyric acid N.D. - 0.34 ± 0.03a 6.86 0.31 ± 0.03a 6.10 0.24 ± 0.02b 4.81 0.23 ± 0.02b 4.50 0.05λ 
1-Octanol N.D. - 0.091 ± 0.000a 0.83 0.090 ± 0.000a 0.82 0.091 ± 0.000a 0.83 0.091 ± 0.000a 0.83 0.11ξ 
Isobutyl alcohol N.D. - 12.79 ± 0.60a 0.32 11.93 ± 0.54a 0.30 12.25 ± 1.72a 0.31 11.91 ± 2.00a 0.30 40‡ 
Isoamyl alcohol 0.28 ± 0.00a 0.00 56.40 ± 7.07b 0.19 51.71 ± 2.18b 0.17 57.28 ± 4.29b 0.19 58.32 ± 5.07b 0.19 300‡ 
2-Phenylethyl 
alcohol 
1.34 ± 0.04a 0.13 35.96 ± 2.40b 3.60 302.16 ± 30.31c 30.22 78.88 ± 6.92d 7.89 52.27 ± 7.73b 5.23 10‡ 
Ethyl acetate 0.15 ± 0.02a 0.02 20.02 ± 3.20b 2.67 16.76 ± 3.57b 2.23 15.17 ± 1.17b 2.02 18.71 ± 1.51b 2.49 7.5‡ 
Ethyl butyrate **L - 0.012 ± 0.003a 0.58 0.003 ± 0.000b 0.16 0.006 ± 0.001b 0.31 0.005 ± 0.001b 0.24 0.02Я 
Ethyl hexanoate N.D. - 0.44 ± 0.09a 88.09 0.69 ± 0.07b 138.11 0.53 ± 0.09ab 106.99 0.60 ± 0.11ab 119.38 0.005¢ 
Ethyl octanoate N.D. - 2.56 ± 0.72a 1278.34 2.46 ± 0.51a 1233.59 2.61 ± 0.56a 1302.58 1.86 ± 0.18a 931.80 0.002‡ 
Ethyl decanoate 0.71 ± 0.03a 3.54 7.95 ± 1.23b 39.76 5.77 ± 0.90c 28.87 6.30 ± 0.63c 31.51 5.02 ± 0.57c 25.11 0.2# 





Table 7.3 (Cont’d) 
a,b,c,d. Statistical analysis ANOVA (n=3) at 95% confidence level with same letters indicating no significant difference. 
*N.D.: not detected  **L: less than the lower limit of standard curves 
‡ Guth (1997); ωSun & Liu (2004); λvan Gemert (2003); 
∮
Pino & Queris (2011); ξFazzalari (1978); ЯCullere, Escudero, Cacho, & Ferreira (2004); ¢ Ong & Acree (1999); # 
Bartowsky & Pretorius (2008); ЖYamamoto et al. (2004); §Li et al. (2008). 




Concentration OAV Concentration  OAV Concentration OAV Concentration OAV Concentration OAV 
Isoamyl acetate 0.003 ± 0.00a 0.09 12.36 ± 2.21b 411.85 9.07 ± 0.26b 302.32 11.26 ± 2.35b 375.42 11.56 ± 1.21b 385.35 0.03‡ 
Citronellyl acetate N.D. - N.D. - 0.010 ± 0.001a 0.04 0.010 ± 0.001a 0.04 ND - 0.25Ж 
Isoamyl octanoate N.D. - 2.50 ± 0.02a 2.50 2.48 ± 0.02a 2.48 2.50 ± 0.03a 2.50 2.47 ± 0.01a 2.47 1§ 
2-Phenylethyl 
acetate 
N.D. - 0.66 ± 0.02a 2.63 6.69 ± 0.03b 26.76 1.58 ± 0.20c 6.34 0.90 ± 0.12d 3.61 0.25‡ 
2-Phenylethyl 
isobutyrate 
N.D. - N.D. - 0.00083 ± 0.00002a - 0.00054 ± 0.00004b - 0.00029 ± 0.00007c   
2-Phenylethyl 
hexanoate 
N.D. - 0.0033 ± 0.0004a - 0.0082 ± 0.0014b - 0.0026 ± 0.0003a - 0.0023 ± 0.0001a   
Linalool 0.017 ± 0.005 5.78 L - L - L - L - 0.003
∮
 
cis-Rose oxide  0.016 ± 0.006a 81.55 0.00050 ± 0.0002b 2.50 0.00046 ± 0.00001b 2.28 0.00053 ± 0.00008b 2.64 0.00059 ± 0.00003b 2.45 0.0002‡ 
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During fermentation, the amounts of esters indigenous to the lychee juice 
(except for butyl acetate) increased together with various acetate esters, fatty 
acid ethyl esters and branched-chain esters. In all lychee wines, ethyl 
octanoate had the highest concentrations and OAVs with no significant 
difference among the treatments (Table 7.3). The addition of L-Phe 
significantly increased the production of 2-phenylethyl acetate, 2-phenylethyl 
isobutyrate and 2-phenylethyl hexanoate with flavour notes like rose, floral 
and fruity-green (Bauer, Garbe, & Surburg, 1997; Narain, Nigam, & de Sousa 
Galvão, 2010). However, it reduced the formation of ethyl-9-decenoate, 
isoamyl acetate, heptyl acetate and decyl acetate (Table 7.3) [Appendix E 
(Table E1)]. The higher production of 2-phenylethyl acetate, 2-phenylethyl 
isobutyrate and 2-phenylethyl hexanoate were resulted from higher amount of 
the precursor 2-phenylethyl alcohol in L-Phe added wine. Among these 
volatiles, 2-phenylethyl acetate and isoamyl acetate were potential aroma 
character impact volatiles for lychee wines due to their high OAVs (Table 7.3). 
Similar to the L-Phe treatment, with the supplementation of L-Trp, an 
increased production of 2-phenylethyl acetate and a reduction in the synthesis 
of heptyl acetate and decyl acetate were observed [Appendix E (Table E1)], 
but the reason is not known at present.  
Similar with previous chapters, cis-rose oxide was the character-impact 
aroma compound with the highest OAV (81.55) in lychee juice (Table 7.3). 
However, most of the terpenes and terpenoids were decreased after 
fermentation, which might lead to a diminished lychee character of the wines 
produced (Table 7.3). However, there was no significant difference in the 
amount of terpenes and terpenoids among the treatments, with the exception 
of nerolidol, which was not detected in the lychee wine with L-Phe addition. 
Methionol was the only sulphur compound detected [Appendix E (Table 
E1)]. The supplementation of L-Phe and L-Tyr had no effects on the formation 
of methionol while L-Trp addition could increase the formation of methionol. 
It was unclear how L-Trp could lead to enhanced production of methionol 
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since the uptake of the two amino acids into yeast cells was mediated by 
different transport proteins (Ugliano & Henschke, 2009).  
A larger amount of acetaldehyde was present in the wine supplemented 
with L-Phe relative to the control. Most of the aldehydes and ketones 
indigenous to the lychee juice were reduced to undetectable levels at the end 
of fermentation [Appendix E (Table E1)]. A higher amount of butyrolactone 
was obtained with the supplementation of L-Phe [Appendix E (Table E1)]. 
This was in agreement with Hernandez-Orte, Ibarz, Cacho, & Ferreira (2005) 
who found that the addition of amino acids had a similar effect. 
7.2.6 PCA 
PCA was applied to analyse the correlation between aromatic amino acid 
treatments and main volatile compounds (Figure 7.2). The first 2 PCs 
explained 94.25% of the total variance with PC1 explaining 74.65%. Similar 
with Chapter 3, cis-rose oxide, linalool and acetic acid were in the positive 
part of PC1, as well as lychee juice. The other volatiles and lychee wines were 
all in negative part of PC1. Only the lychee wine with added L-Phe in the 
positive part of PC2, which had 2-phenylethyl acetate, 2-phenylethyl alcohol, 
2-phenylethyl hexanoate, 2-phenylethyl isobutyrate and ethyl hexanoate. The 
other lychee wine samples were in the negative part of PC2. Ethyl acetate, 
ethyl octanoate, ethyl decanoate, ethyl dodecanoate, isoamyl acetate, isoamyl 
octanoate, isobutyric acid and ethanol were also in the negative part of PC2 






Figure 7.2. Bi-plot of principal component analysis of the main volatile 
compounds in lychee juice and lychee wines supplemented with aromatic 
amino acids. lychee juice (■); control (▲); L-phenylalanine added (★); 
L-tryptophan added (○); L-tyrosine added (●). 
(1) ethanol; (2) acetic acid; (3) isobutyric acid; (4) ethyl acetate; (5) ethyl 
hexanoate; (6) ethyl octanoate; (7) ethyl decanoate; (8) ethyl dodecanoate; (9) 
isoamyl acetate; (10) isoamyl octanoate; (11) cis-rose oxide;(12) linalool; (13) 
2-phenylethyl acetate;  (14) 2-phenylethyl isobutyrate; (15) 2-phenylethyl 
alcohol; (16) 2-phenylethyl hexanoate 
 
7.3 Conclusions 
This study demonstrated the potential of using L-Phe as a tool to 
positively modulate the volatile profile of lychee wine through enhanced 
formation of aromatic alcohol and related esters. However, metabolites 
derived from L-Trp and L-Tyr under the current experimental conditions were 
not found. L-Trp and L-Tyr can be converted in to tryptophol and tyrosol, 
respectively (Figure 1.4), which have effects of flavour and health as 
described in Chapter 1. Determination of tryptophol and tyrosol will be the 
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further research. It is positive that none of the L-Trp-derived and 
L-Tyr-derived volatiles that may impact off-odours were detected in the 
lychee wine with added L-Trp and L-Tyr, respectively. Nonetheless, caution 
must be exercised in future work on selective addition of aromatic amino 






CHAPTER 8 Effects of branched-chain amino acid addition on 
chemical constituents in lychee wine fermented with 
Saccharomyces cerevisiae MERIT.ferm 
8.1 Introduction  
In the previous study (Chapter 7), the addition of L-phenylalanine 
significantly increased the concentration of aromatic 2-phenylethyl alcohol, 
2-phenylethyl acetate, 2-phenylethyl isobutyrate and 2-phenylethyl hexanoate, 
all of which could positively modulate lychee wine aroma, although the 
addition of L-tryptophan or L-tyrosine had negligible effects on the volatile 
profile of lychee wine. This suggests that the effect of amino acid 
supplementation on wine flavour compounds is not always straightforward 
and the final overall effect still depends on the amino acid (type and amount) 
added, being amino acid-specific. 
In this chapter, the influence of single branched-chain amino acid 
addition (L-valine, L-leucine and L-isoleucine), which is also metabolised via 
Ehrlich pathway to generate predominantly corresponding alcohols and 
possibly aldehydes and carboxylic acids, was evaluated for lychee wine 
fermentation by the same S.cerevisiae strain as that used in Chapter 7. These 
odour-active volatiles and their derivatives such as esters are expected to have 
flavour impact if produced in sufficient amounts in the lychee wine. This work 
extended the previous study described in Chapter 7 on the aromatic amino 
acid effects. 
8.2 Results and discussion  
8.2.1 Yeast population 
Similar with aromatic amino acids, the branched-chain amino acid 
supplementation did not significantly affect yeast growth (Table 8.1). The 
increases in yeast cells count in all treatments were largest in the first 2 days 
(from 4.02×10
5 
CFU/mL to around 1.35×10
8 
CFU/mL) and the yeast cell 




Table 8.1 Oenological parameters of lychee juice (day 0) and lychee wines 
(day 10) fermented with S. cerevisiae MERIT.ferm and with addition of 
branched-chain amino acids 
 
 Lychee juice 
(day 0) 
Lychee wines (day 10) 
 Control L-Val L-Leu L-Ile 




0.04 ± 0.00a 14.63 ± 0.65b 15.98 ± 1.41b 15.08 ± 1.23b 15.90 ± 3.83b 
pH 3.54 ± 0.01
a 3.60 ± 0.00b 3.61 ± 0.01b 3.65 ± 0.03b 3.61 ± 0.00b 
o
Brix 24.29 ± 0.00
a 7.19 ± 0.18b 6.62 ± 0.12c 6.83 ± 0.30bc 6.95 ± 0.07bc 
Glycerol  
(% w/v) 
*N.D. 0.80 ± 0.06a 0.71 ± 0.06ab 0.62 ± 0.01b 0.70 ± 0.05ab 
Ethanol 
 (% v/v) 
0.10 ± 0.01a 8.30 ± 0.28b 7.97 ± 0.55b 8.47 ± 0.19bc 9.30 ± 0.08c 
Sugars (g/100 mL)         
Fructose 3.65 ± 0.03 ** LOQ **LOD LOQ LOQ 
Glucose 4.09 ± 0.04 LOQ LOQ LOQ LOQ 
Sucrose 17.42 ± 0.30 N.D. N.D. N.D. N.D. 
Organic acids (g/100 mL)       
Citric acid 0.037 ± 0.004a 0.018 ± 0.002b 0.022 ± 0.002b 0.018 ± 0.001b 0.024 ± 0.002b 
Tartaric acid 0.032 ± 0.003a 0.004 ± 0.000b 0.004 ± 0.001b 0.004 ± 0.000b 0.005 ± 0.000b 
α-Ketoglutaric 
acid 
N.D. 0.011 ± 0.001a 0.013 ± 0.000a 0.013 ± 0.000a 0.013 ± 0.002a 
Malic acid 1.30 ± 0.03a 0.83 ± 0.02b 0.81 ± 0.01b 0.84 ± 0.01b 0.83 ± 0.01b 
Pyruvic acid N.D. 0.016±0.002ab 0.015 ± 0.002a 0.017±0.000ab 0.020 ± 0.002b 
Succinic acid 0.80 ± 0.00a 0.79 ± 0.02ab 0.75 ± 0.02abc 0.70 ± 0.01c 0.73 ± 0.04bc 
Lactic acid N.D. 0.061 ± 0.007a 0.052 ± 0.006a 0.060 ± 0.003a 0.060 ± 0.007a 
Acetic acid N.D. 0.034 ± 0.001a 0.039 ± 0.002a 0.037 ± 0.003a 0.036 ± 0.004a 
a,b,c,dStatistical analysis at 95% confidence level with same letters indicating no significant 
difference;  
* N.D., not detected. 




8.2.2 Total soluble solids, sugars and glycerol  
The total solids content steadily decreased from around 24 % on day 0 to 
8%-9% on day 6, and stabilised at about 7% by day 10 and hence, 
fermentation was stopped (Figure 8.1a). The total solids content in the lychee 
wine with L-Val addition was significantly lower than the control (Table 8.1).  
Figure 8.1 Changes in the°Brix (a) value and the concentrations of sucrose (b), 
glucose (c) and glycerol (d) throughout lychee wine fermentation with 
branched-chain amino acid additions. Control (〇); L-valine added (▽); 
L-leucine added (□); L- isoleucine added (▥). 
 
The changes in sucrose, glucose and fructose were similar among the 
different treatments (Figure 8.1b, Figure 8.1c). Sucrose was the major sugar 
present in the lychee juice at 17.42 g/100 mL, and sharply decreased in the 
first 2 days and became undetectable by day 6 (Figure 8.1b). The evolution of 
fructose and glucose was similar with a sharp decrease from day 2 to day 6 
and both sugars fell to trace levels by day 8 (Figure 8.1c). In the present study, 
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the addition of L-Val, L-Leu and L-Ile individually did not significantly affect 
the trend of lychee wine fermentation by S. cerevisiae (Figure 8.1). The juice 
used was thus likely to contain an adequate level of nitrogen to support 
growth of yeasts.  
Glycerol increased from 0 to around 1.2% (w/v) in the first 2 days, then 
decreased to around 0.7 % (w/v) (day 4) which then stabilised (Figure 8.1d). 
Similar with aromatic amino acids in Chapter 7, the final glycerol content in 
the branched-chain amino acid added wine was lower than the control wine 
(Table 8.1, Figure 8.1d), which would be discussed below together with 
proline. 
8.2.3 pH and organic acids  
The pH had no significant difference in all wines. Malic, citric and 
tartaric acids decreased significantly after fermentation (Table 8.1). 
α-Ketoglutaric, pyruvic, lactic and acetic acids were produced, mainly in the 
first 2 days, reaching around 0.012 g/100 mL, 0.06 g/100 mL, 0.02 g/100 mL 
and 0.02 g/100 mL, respectively. Supplementation of amino acids did not 
significantly affect the concentrations of organic acids, with the exception of 
succinic acid (Table 8.1). However, the lower concentration of succinic acid 
in the wines with L-Leu and L-Ile addition did not affect the acidity of the 
resultant lychee wine due to the odourless nature of succinic acid. 
8.2.4 Amino acids  
Most amino acids were reduced to trace levels by day 2, even for the 
supplemented amino acids (Figure 8.2). The quantities of proline 
consumption in the wines with branched-chain amino acid addition were much 
slower and lower than that in the control wine (Figure 8.2a). Among the 
treatments, proline was consumed in larger amounts and more rapidly in the 




Figure 8.2 Changes in the concentrations of selected amino acids throughout 
lychee wine fermentation with branched-chain amino acid additions. Control 




a                                    b 
Proline
Time (days)















































c                                    d 
Leucine
Time (days)



















































Table 8.2 Amino acid and ammonia content of lychee juice (day 0) and lychee 
wines (day 10) fermented with S.cerevisiae MERIT.ferm and with addition of 
branched-chain amino acids 
 Lychee juice  
(day 0) 
Lychee wines (day 10) 
Control L-Val L-Leu L-Ile 
NH3 
(mM) 
1.57 ± 0.06a N.D. 0.04 ± 0.00b 0.03 ± 0.00b N.D. 
Amino acids (mM) 
Asp  0.20 ± 0.03a 0.04 ± 0.00b 0.03 ± 0.00b 0.06 ± 0.01c 0.05 ± 0.01bc 
Ser&Asn 0.35 ± 0.07a 0.02 ± 0.00b 0.02 ± 0.00b N.D. 0.02 ± 0.00b 
Glu 0.61 ± 0.05a 0.03 ± 0.00b 0.03 ± 0.00b 0.03 ± 0.01b N.D. 
Gly 0.17 ± 0.01a 0.05 ± 0.01b 0.08 ± 0.01b 0.09 ± 0.03bc 0.13 ± 0.02c 
His &Gln 0.51 ± 0.03a 0.03 ± 0.01b 0.03 ± 0.01b 0.03 ± 0.01b 0.04 ± 0.00b 
Arg 0.62 ± 0.04a 0.03 ± 0.00b 0.06 ± 0.00b 0.12 ± 0.02c 0.14 ± 0.03c 
Thr 0.13 ± 0.01 N.D. N.D. N.D. N.D. 
Ala 1.43 ± 0.32a 0.11 ± 0.03b 0.09 ± 0.02b 0.07 ± 0.00b 0.08 ± 0.02b 
Pro 7.65 ± 0.09a 0.04 ± 0.01b 0.93 ± 0.04c 3.89 ± 0.25d 2.94 ± 0.52e 
Cys *N.D. N.D. N.D. N.D. N.D. 
Tyr 0.08 ± 0.00 N.D. N.D. N.D. N.D. 
Val **0.22 ± 0.02a 0.07 ± 0.00b 0.11 ± 0.02c 0.09 ± 0.02bc 0.11 ± 0.01c 
Met 0.07 ± 0.01 N.D. N.D. N.D. N.D. 
Lys 0.06 ± 0.01 N.D. N.D. N.D. N.D. 
Ile **0.08 ± 0.01 N.D. N.D. N.D. N.D. 
Leu **0.05 ± 0.00 N.D. N.D. N.D. N.D. 
Phe 0.12 ± 0.01 N.D. N.D. N.D. N.D. 
Trp 0.04 ± 0.00a 0.02 ± 0.00b 0.02 ± 0.00b 0.02 ± 0.00b 0.02 ± 0.00b 
The total nitrogen concentrations (mg N/L) 
Total  ***-  8.80 ± 1.41
a 24.21 ± 1.71b 68.26 ± 7.59c 56.91 ± 9.70c 
a,b,c,d,eStatistical analysis at 95% confidence level with same letters indicating no significant 
difference. 
*N.D., not detected. 
**L-Val, L-Leu and L-Ile were 1.03 ± 0.12 mM, 0.94 ± 0.20 mM and 1.36 ± 0.22 mM in the 
lychee juice with respective amino acid addition. 
***The total nitrogen concentrations of lychee juice were 235.39 ± 13.86 mg N/L (control), 
246.74 ± 15.26 mg N/L (L-Val addition), 247.87 ± 16.53 mg N/L (L-Leu addition), 253.32 ± 





Addition of the branched-chain amino acids decreased the quantity of 
proline utilisation by S. cerevisiae, indicating that the added amino acids were 
preferable over proline, agreeing with the previous result of aromatic amino 
acid addition in lychee wine (Chapter 7). However, the consumption of 
proline in the wine with added single branched-chain amino acids was 
significantly different from each other (Figure 8.2a, Table 8.2). Proline 
consumed in the wine with L-Val addition was more than that with L-Leu or 
Ile addition, indicating that L-Val was less preferred than L-Leu and L-Ile. 
Albers, Larsson, Lidén, Niklasson, & Gustafsson (1996) also reported that the 
percentage of L-Val taken up by S. cerevisiae was lower than L-Leu and L-Ile. 
Proline is a protectant against hyperosmotic conditions in S. cerevisiae 
(Takagi et al., 2005). Besides proline, glycerol could be rapidly produced as 
an osmoprotectant in yeast cells via its intracellular accumulation in response 
to hyperosmotic stress and excess glycerol could be secreted (Nevoigt & Stahl, 
1997). For the wines with added amino acids, less proline was catabolised 
(Figure 8.2a), and more poline was retained as an osmoprotectant 
correspondingly. Hence, less glycerol was produced for osmoprotective 
effects (Figure 8.1d, Table 8.1, Table 8.2), being consistent with the previous 
findings (Chapter 7). The final glycerol concentrations in all wines were 
0.62-0.80 % (w/v) and higher than its taste detection threshold (Ugliano & 
Henschke, 2009). Therefore, the difference in the glycerol content was likely 
to impact on taste. 
8.2.5 Volatiles  
There were 19 alcohols, 35 esters, 8 acids, 24 terpenes and 5 aldehydes 
found in the juice and wines; 3 ketones and 1 suphur compounds were only 
found in the juice [Appendix F (Table F1)]. In the wines, alcohols (RPA 
around 80%) and esters (RPA>10%) were most abundant, while the RPAs of 
acids, terpenes and aldehydes were all less than 1% [Appendix F (Table F1)]. 
The concentrations of 27 volatiles are presented in Table 8.1 and Table 8.3.  
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Main volatile acids increased in all wines after fermentation. The 
isobutyric acid concentration was the highest in the L-Val added wine (OAV > 
5) via Ehrlich pathway (Figure 1.5), followed by the control wine (OAV>4) 
and was much lower in the L-Leu or L-Ile added wines (OAV around 3) 
(Table 8.3, Figure 8.3a). The addition of amino acids had no significant 
impact on the contents of octanoic, decanoic and dodecanoic acids (Table 8.3). 
According to the Ehrlich pathway (Figure 1.5), the branched-chain acids 
(3-methylbutanoic and 2-methylbutanoic acids), which could have been 
derived from the catabolism of L-Leu and L-Ile respectively, were not 
detected in all wines. 
 
Figure 8.3 Changes in the concentrations of isobutyric acid (a), isobutyl 
alcohol (b), isobutyl decanoate (c) and isoamyl acetate (d) throughout lychee 
wine fermentation with branched-chain amino acid additions. Control (〇); 
L-valine added (▽); L-leucine added (□); L- isoleucine added (▥). 
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Table 8.3 Concentrations of main volatiles (mg/L) and their odour activity values (OAVs) in lychee juice (day 0) and lychee wines (day 10) 
fermented by S.cerevisiae MERIT.ferm, with and without addition of branched-chain amino acids 




Concentration OAV Concentration OAV Concentration OAV Concentration OAV Concentration OAV 
Isobutyric acid *N.D. - 0.21 ± 0.02a 4.18 0.28 ± 0.03b 5.55 0.15 ± 0.01c 2.91 0.17 ± 0.01ac 3.43 0.05λ 
Octanoic acid 0.01 ± 0.00a 0.00 3.32 ± 0.37b 0.38 3.78 ± 0.24b 0.43 3.76 ± 0.04b 0.43 3.92 ± 0.14b 0.45 8.8‡ 
Decanoic acid N.D. - 5.21 ± 0.93a 0.52 6.50 ± 1.32a 0.65 5.35 ± 0.88a 0.54 5.45 ± 0.93a 0.55 10
∮
 
Dodecanoic acid N.D. - 0.17 ± 0.03a 0.02 0.16 ± 0.03a 0.02 0.14 ± 0.01a 0.01 0.17 ± 0.03a 0.02 10
∮
 
Isobutyl alcohol N.D. - 70.95 ± 2.37a 1.77 119.33 ± 17.75b 2.98 40.79 ± 3.25c 1.02 69.07 ± 9.48a 1.73 40‡ 
Isoamyl alcohol 0.23 ± 0.02a 0.01 156.39 ± 8.02b 5.21 155.37 ± 8.23b 5.18 232.52 ± 9.89c 7.75 146.76 ± 14.61b 4.89 30# 
Active amyl 
alcohol 
N.D. - 7.09 ± 0.77a 0.11 10.18 ± 1.04a 0.16 7.51 ± 0.90a 0.12 61.65 ± 5.50b 0.95 65# 
2-Phenylethyl 
alcohol 
0.31 ± 0.02a 0.03 17.14 ± 0.65b 1.71 18.06 ± 0.88bc 1.81 18.92 ± 0.70bc 1.89 20.01 ± 0.60c 2.00 10‡ 
Ethyl acetate 0.12 ± 0.01a 0.02 1.70 ± 0.16b 0.23 2.18 ± 0.03bc 0.29 1.74 ± 0.02b 0.23 2.52 ± 0.20c 0.34 7.5‡ 
Isobutyl acetate N.D. - **L - 0.010 ± 0.001a 0.01 L - 0.010 ± 0.001a 0.01 1.6# 
Isoamyl acetate N.D. - 0.07 ± 0.01a 2.43 0.09 ± 0.01a 2.95 0.25 ± 0.02b 8.25 0.21 ± 0.04b 7.12 0.03‡ 
Ethyl hexanoate N.D. - 0.26 ± 0.00a 51.22 0.31 ± 0.02a 62.29 0.33 ± 0.01a 65.31 0.41 ± 0.04b 82.59 0.005¢ 
Ethyl octanoate N.D. - 3.95 ± 0.32a 1975.95 3.92 ± 0.52a 1958.59 3.64 ± 0.27a 1817.78 3.51 ± 0.07a 1755.82 0.002‡ 
Isoamyl hexanoate  N.D. - 0.016 ± 0.004a 0.01 0.016 ± 0.000a 0.01 0.021 ± 0.000ab 0.01 0.024 ± 0.001b 0.02 1.4λ 
Isobutyl octanoate N.D. - 0.019 ± 0.004a 0.02 0.035 ± 0.003b 0.04 0.013 ± 0.001a 0.02 0.019 ± 0.001a 0.02 0.8§ 
Ethyl decanoate N.D. - 24.74 ± 3.73a 123.74 21.56 ± 2.24ab 107.81 14.68 ± 0.84b 73.39 13.07 ± 1.76b 65.35 0.2# 
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Table 8.3 (Cont’d) 
a,b,c,d. Statistical analysis ANOVA (n=3) at 95% confidence level with same letters indicating no significant difference. 
*N.D.: not detected. **L: less than the lower limit of standard curves 
‡ Guth (1997); λvan Gemert (2003); 
∮
Pino & Queris (2011); ¢ Ong & Acree (1999); # Bartowsky & Pretorius (2008); ЖYamamoto et al. (2004); §Li et al. (2008); 
∽
Swiegers et 
al. (2005).  




Concentration OAV Concentration OAV Concentration OAV Concentration OAV Concentration OAV 
Isoamyl octanoate N.D. - 0.12 ± 0.02a 0.12 0.10 ± 0.01a 0.10 0.13 ± 0.01a 0.13 0.12 ± 0.01a 0.12 1§ 
Citronellyl acetate N.D. - 0.0060 ± 0.0006ab 0.02 0.0062 ± 0.0006ab 0.02 0.0052 ± 0.0005a 0.02 0.0067 ± 0.0000b 0.03 0.25Ж 
Isobutyl decanoate  N.D. - 0.12 ± 0.02ab - 0.17 ± 0.02a - 0.06 ± 0.00c - 0.08 ± 0.00bc - - 
2-Phenylethyl 
acetate 
N.D. - 0.22 ± 0.02a 0.87 0.23 ± 0.02a 0.92 0.23 ± 0.01a 0.91 0.25 ± 0.01a 1.00 0.25‡ 
Ethyl dodecanoate N.D. - 1.93 ± 0.11a 0.33 1.71 ± 0.25ab 0.29 1.16 ± 0.05c 0.20 1.40 ± 0.04bc 0.24 5.9
∮
 
Isoamyl decanoate  N.D. - 0.42 ± 0.05a 0.08 0.37 ± 0.04a 0.07 0.44 ± 0.02a 0.09 0.44 ± 0.03a 0.09 5λ 
Isobutyl 
dodecanoate 
N.D. - 0.017 ± 0.002a - 0.022 ± 0.002a - 0.011 ± 0.001b - 0.016 ± 0.002ab - - 
cis-Rose oxide  0.014 ± 0.001a 70.95 0.002 ± 0.000b 10.58 0.002 ± 0.000b 7.94 0.002 ± 0.000b 8.14 0.002 ± 0.000b 8.50 0.0002‡ 
Linalool 0.019 ± 0.001a 6.39 0.004 ± 0.000b 1.29 0.004 ± 0.000b 1.31 0.003 ± 0.001b 1.01 0.004 ± 0.000b 1.27 0.003
∮
 





The trend for ethanol production was similar for the amino acid-added 
samples and the control, while the ethanol level in the L-Ile added wine was 
higher than that in the L-Val added wine and the control wine (Table 8.1). 
With the addition of L-Val, L-Leu, L-Ile, there was a significantly higher 
amount of isobutyl alcohol, isoamyl alcohol and active amyl alcohol with 
similar production trends, respectively (Table 8.3, Figure 8.3b) , agreeing 
with the result of Ehrlich pathway (Figure 1.5) and other studies (Lee et al., 
2011; Procopio, Krause, Hofmann, & Becker, 2013). The addition of L-Leu 
significantly lowered the production of isobutyl alcohol (Figure 8.3b). 
The addition of branched-chain amino acids could, at least partially, affect 
the amounts of branched-chain esters indirectly through their effect on 
branched-chain alcohol production. The production of isoamyl hexanoate, 
isoamyl octanoate and isoamyl decanoate was slightly higher in the wines 
with L-Leu or L-Ile addition than those in the other wines (Table 8.3). The 
production of isobutyl octanoate, isobutyl decanoate, and isobutyl dodecanoate 
occurred in the first 4 days with similar trends, and their highest 
concentrations corresponded with L-Val addition, while their lowest 
concentrations corresponded with L-Leu addition (Table 8.3, Figure 8.3c).  
Interestingly, the addition of L-Leu could inhibit the Ehrlich pathway of 
L-Val metabolism and decrease the production of isobutyric acid, isobutyl 
alcohol and isobutyl esters, relative to the control wine (Figure 8.3a-c). This 




/NADH imbalance in the 
Ehrlich pathway (Figure 1.5) and the preferred ranking of branched-chain 
amino acids as discussed above, under which more NAD
+
s were consumed by 
preferred nitrogen sources prior to L-Val metabolism. The addition of L-Ile 
could also inhibit the production of isobutyric acid and isobutyl decanoate 
(Figure 8.3a, Figure 8.3b), although the effects were not as significant as 
L-Leu did. 
Among these acetate esters, only isoamyl acetate and 2-phenylethyl 
acetate were above their odour detection thresholds and could contribute to 
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the flavour. The addition of L-Leu and L-Ile resulted in faster increases in the 
first 2 days and the significantly higher final amount of isoamyl acetate 
(Figure 8.3d). The production of 2-phenylethyl acetate was similar among the 
treatments and control (Table 8.3). However, the addition of L-Val did not lead 
to a greater amount of isobutyl acetate (Table 8.3). This could be because the 
specific stain of the yeast used and most of isobutyl alcohol reacted with fatty 
acyl-CoAs for the production of isobutyl esters (isobutyl octanoate, isobutyl 
decanoate, isobutyl dodecanoate), which were significantly higher in the 
L-Val added wine than in the other wines (Table 8.3, Figure 8.3b, Figure 
8.3c). There was a similar trend observed for isoamyl acetate in the L-Leu- and 
L-Ile-added samples (Figure 8.3d). It was likely that active amyl acetate was 
also produced but co-eluted with isoamyl acetate on polar columns (Kuhn & 
Thorngate, 2003). 
Among the ethyl esters produced, ethyl octanoate had the highest OAV (> 
1700) followed by ethyl decanoate (> 60) and ethyl hexanoate (> 50). The 
addition of L-Ile significantly increased the final amounts of ethyl hexanoate. 
However, the addition of L-Leu and L-Ile significantly lowered the production 
of ethyl decanoate and ethyl dodecanoate (Table 8.3). 
Similar with previous chapters, the RPA for terpenes was reduced from 
14.64% in the juice to 0.08 - 0.16% in the wine. The main terpenes in the juice, 
such as cis- rose oxide (OAV 70.95), linalool (OAV 6.39) and geraniol (OAV 
3.09), decreased rapidly to 8.5-11.5 of OAV for cis- rose oxide, 2-4 of OAV for 
linalool and undetectable for geraniol by day 2. There were no significant 
differences in the amounts of remaining terpenes between the control and the 
amino acid-added samples on day 10 (Table 8.3). 
8.2.6 PCA  
Thirteen volatiles (OAVs around 1) were selected for PCA. The first two 
PCs explained 92.41% of the total variance, among which PC1 explained 
80.16%. Lychee juice was in the positive part of PC1 with highest OAVs for 
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cis-rose oxide, linalool and geraniol (Figure 8.4, Table 8.3), as reported in 
previous chapters. The lychee wines with added L-Leu and L-Ile were in the 
positive part of PC2, as well as isoamyl alcohol, active amyl alcohol, isoamyl 
acetate, ethyl hexanoate, 2-phenylethyl acetate and 2-phenylethyl alcohol 
(Figure 8.4). These volatiles could contribute to fruity, banana, flora and 
sweet flavour. The control wine and the wine with L-Val addition were 
separated from the wines with L-Leu and L-Ile additions, and in negative part 
of PC 2 with the higher OAVs for isobutyric acid, isobutyl alcohol, ethyl 
octanoate and ethyl decanoate (Figure 8.4, Table 8.3). 
 
Figure 8.4 Bi-plot of principal component analysis of selected volatile 
compounds in lychee juice and wines supplemented with branched-chain 
amino acids. Lychee juice (■); control (〇); L-valine added (★); L-leucine 
added (▼); L- isoleucine added (▲). 
(1) isobutyric acid; (2) isobutyl alcohol; (3) isoamyl alcohol; (4) active amyl 
alcohol; (5) 2-phenylethyl alcohol; (6) ethyl hexanoate; (7) ethyl octanoate; (8) 
ethyl decanoate; (9) isoamyl acetate; (10) 2-phenylethyl acetate; (11) linalool; 
(12) geraniol; (13) cis-rose oxide. 
 
8.3 Conclusions 
The main effects of branched-chain amino acid supplementation in 
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lychee juice fermentation were studied. The addition of a branched-chain 
amino acid reduced the consumption of the least preferred amino acid proline 
by S. cerevisiae, and thus lowering the production of glycerol. L-Val was less 
preferred than L-Leu and L-Ile. L-Leu and L-Ile addition significantly 
increased production of their corresponding higher alcohols and isoamyl 
acetate, while L-Val addition significantly increased the concentrations of 
isobutyl alcohol and fatty acid isobutyl esters. Moreover, the addition of 
L-Leu could inhibit the metabolism of L-Val with lowest production of 
isobutyric acid, isobutyl alcohol and isobutyl esters. These findings 
demonstrated that the addition of a branched-chain amino acid affected the 
volatile profile of lychee wines, and manipulation of lychee wine volatiles via 








CHAPTER 9 General conclusions and future work 
This study evaluated AF of lychee wine by Saccharomyces and 
non-Saccharomyces yeasts; and the effect of simultaneous AF and MLF (O. 
oeni) on lychee wine. The impacts of single aromatic amino acid and 
branched-chain amino acid addition on the AF of lychee wine were also 
evaluated. 
Among the AF of lychee wine with four commercial S. cerevisiae strains 
(EC-1118, R2, 71B and MERIT.ferm), yeast cell population, pH, malic acid, 
ammonia and some amino acids showed significant differences between strain 
71B and other strains. There were also strain variations with regard to 
degradation and retention of some juice volatiles as well as formation of new 
volatile compounds such as most esters and certain terpene compounds. Ethyl 
octanoate had the highest OAV of 500-1100, followed by ethyl hexanoate 
(about 50-85), among the common odourants in all lychee wines. Ethyl 
octanoate reached its highest OAV (1077) in the lychee wine fermented with 
strain EC1118, whereas ethyl hexanoate had the highest OAV (85) in the wine 
fermented with strain MERIT.ferm. cis-Rose oxide, the character-impact 
aroma in lychee juice with the highest OAV (161), was dramatically reduced 
to trace levels after fermentation. 
For the AF by non-Saccharomyces yeasts (T. delbrueckii PRELUDE, W. 
saturnus NCYC22, and K. lactis KL71), T. delbrueckii PRELUDE had the 
fastest growth and high sugar consumption. W. saturnus NCYC22 used the 
lowest amount of sugars, but consumed the highest amount of nitrogen. 
Correspondingly, strain PRELUDE produced the highest level of ethanol (7.6% 
v/v), followed by strain KL71 (3.4% v/v) and strain NCYC22 (0.8% v/v). 
Aroma character-impact terpenes and terpenoids could be partially retained in 
all lychee wines, with higher OAVs of geraniol and citronellol in strain KL 
71-fermented lychee wine. However, strains KL 71 and NCYC 22 
over-produced ethyl acetate (about 1.5 times and 4 times of its maxiumum 
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desirable level, respectively). Strain PRELUDE had a better ability to generate 
high levels of ethanol, isoamyl alcohol, 2-phenyethyl alcohol, ethyl octanoate, 
and ethyl decanoate and retained high OAVs of lychee aroma-character 
compounds cis-rose oxide (16.5) and linalool (3.5), relative to the OAVs of the 
volatiles from the other two yeasts. Thus, it is deemed to be a promising non- 
Saccharomyces yeast for lychee wine fermentation. 
Based on the results of Chapter 3 and Chapter 4, S. cerevisiae 
MERIT.ferm and T. delbrueckii PRELUDE were selected for the simultaneous 
and sequential fermentation of lychee wine. T. delbrueckii monoculture 
showed a lower fermentative activity than S. cerevisiae alone with regard to 
growth, nitrogen utilisation, production of alcohols, volatile acids and esters. 
The lychee wine fermented with simultaneous culture had a similar 
characteristic to that of the S. cerevisiae monoculture. In sequential 
fermentation, prior inoculation of T. delbrueckii played an important role in 
lowering volatile acids (OAV<1) and retaining terpenoids (OAV, 1.2-5.8). 
Subsequent inoculation of S. cerevisiae significantly increased the production 
of ethanol (> 8% v/v), higher alcohols (isoamyl alcohol and 2-phenylethyl 
alcohol) and esters (ethyl esters of octanoate, decanoate and hexanoate, and 
2-phenylethyl acetate), relative to the T. delbrueckii monoculture. Therefore, 
sequential fermentation could accord the wine volatiles from both lychee 
fruits and biotransformation. In this project, the co- and sequential inoculation 
ratio of T. delbrueckii and S. cerevisiae was around 2:1. Actually, different 
inoculation ratios of mixed-culture could have different effects on volatiles in 
fruit wine, as described by Taillandier et al. (2014) and Trinh et al. (2011). 
Therefore, in future, some more inoculation ratios of T. delbrueckii and S. 
cerevisiae (including 1:1, 10:1, 100:1 and 1000:1) should be evaluated in the 
sequential fermentation of lychee wine. 
Besides AF, the impact of MLF on the chemical constituents of lychee 
wine was examined for the first time. O. oeni Viniflora
®
 Oenos (MLF inducer) 
and S. cerevisiae MERIT.ferm were co-inoculated into lychee juice to induce 
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simultaneous AF and MLF. MLF did not affect sugar utilisation and ethanol 
production statistically (8.54% v/v for MLF and 9.27% v/v for AF). However, 
MLF resulted in dramatic degradation of malic and citric acids with 
concomitant increases of lactic acid, ethyl lactate and pH. The final 
concentrations of acetic and succinic acids between AF and MLF wines 
exhibited no significant difference. The MLF wine contained significantly 
higher amounts of amino acids than the AF wine and the reasons for this 
observation remain to be elucidated. More importantly, MLF significantly 
elevated the levels of potent aroma-active compounds including isoamyl 
acetate, linalool, geraniol and cis-rose oxide (to levels above or near 
respective detection thresholds), suggesting that MLF is another effective way 
of retaining the original lychee flavour. Besides the lychee (cv. Nuomi Ci), 
other varieties of lychee (e.g. Xianpo Guo, Feizi Xiao and Huai Zhi) should be 
evaluated concurrent the AF and MLF in future.  
The addition of individual aromatic amino acids (L-phenylalanine, 
L-tryptophan and L-tyrosine) dramatically reduced the consumption of proline 
and decreased the production of glycerol during AF of lychee wine. However, 
none of the added amino acids had any significant effect on the yeast cell 
count, pH, soluble solid contents, sugars and ethanol. The addition of 
L-phenylalanine significantly reduced the production of pyruvic and succinic 
acids, while markedly increasing the formation of 2-phenylethyl alcohol, 
2-phenylethyl acetate, 2-phenylethyl isobutyrate and 2-phenylethyl hexanoate. 
In contrast, supplementation with L-tryptophan and L-tyrosine showed 
negligible effects on the volatile profile of lychee wines. However, the 
HS-SPME-GC-MS-FID technique used in this research was unable to detect 
metabolites derived from L-Trp and L-Tyr (e.g. tryptophol and tyrosol) under 
the current experimental conditions. An improved method to analyse 
tryptophol and tyrosol will be required in future work.  
Similarly, the individual addition of branched-chain amino acids 
decreased the consumption of proline with pronouncedly different trends. The 
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lychee wine with added L-leucine and L-isoleucine had high OAVs of isoamyl 
alcohol and active amyl alcohol, which were about 0.5 times and 8 times 
higher than the control wine, respectively. Both wines also produced around 2 
times more of isoamyl acetate, relative to the control wine. The lychee wine 
with added L-valine had higher OAVs of isobutyric acid and isobutyl alcohol 
(5.55 and 2.98, respectively), which were lower in the wine with added 
L-leucine (2.91 and 1.02, respectively) or L-isoleucine (3.43 and 1.73, 
respectively) relative to the control wine (4.18 and 1.77, respectively), 
suggesting interactive effects among the added amino acids. These findings 
demonstrated that lychee wine aroma can potentially be manipulated via the 
addition of selected branched-chain amino acids. Besides single amino acid 
addition, the supplements of different amino acids, which may be selected 
from previous chapters (Chapter 7 and Chapter 8), could also be evaluated 
in combination in future work.  
In future, AF of lychee wine with inorganic nitrogen addition (e.g. 
diammonium phosphate, DAP) should also be studied. DAP is widely used as 
nitrogen supplementation for nitrogen deficient grape musts to prevent 
sluggish or stuck fermentations. The addition of DAP is also one strategy to 
reduce the risk of forming H2S (Jiranek, Langridge, & Henschke, 1995) and 
modulate the volatile composition of wine (Torrea & Henschke, 2004). 
However, the effect of DAP supplementation is related to its amount added 
and the nitrogen status of musts, and may not be specific. Therefore, different 
concentrations of DAP (0, 200 mg N/L, 400 mg N/L) should be examined in 
lychee wine fermented with S. cerevisiae MERIT.ferm to analyse their effects 
on volatiles, and to compare the impact of adding single amino acids 
(aromatic and branched), which is not studied in lychee wine before. 
Besides starter culture and nitrogen sources, the fermentation condition is 
also an important factor for lychee fermentation, such as temperature and pH. 
Temperature and pH affect yeast growth and metabolism and thus, are 
expected to impact lychee wine fermentation and quality indices such as 
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flavour. In this project, the all lychee juices were adjusted to around pH 3.5 
and were fermented at 20
o





C also achieved good flavour (Gao et al., 2010; Li 
et al., 2007). Moreover, the lower temperature may help to retain terpenes and 
derivatives via lowering their evaporation. Therefore, optimised condition of 
lychee fermentation would be evaluated and found out by response surface 
methodology. 
In this study, sensory evaluation by using 5-point scale quantitative 
descriptive analysis methodology was not presented. This was because only 
untrained panelists (30 to 60 panelists) participated in the sensory evaluation 
of the lychee wines under the current condition and the results might not be 
reliable. For example, the sensory result of Chapter 4 showed the significant 
difference between three different wines and could be explained based on the 
amounts of volatiles in these wines [Appendix G (Figure G1a)], whereas the 
sensory results of the wines with branched-chain amino acid addition (in 
Chapter 8) could not be correlated with volatile analysis and the wines could 
not be differentiated by the untrained panelists [Appendix G (Figure G1b)]. 
Therefore, in future, trained panelists must be used for sensory evaluation.  
For this work, the lychee wines were fermented on a laboratory-scale. In 
the next step, the pilot-plant scale (50L to 100L) of lychee wine fermentations 
should be performed to support industrial production of lychee wine. In large 
scale fermentation, not only the equipments (such as fermentor, blender and 
filter) were totally different from lychee laboratory-scale fermentations, but 
also the related protocols need to be developed. Additionally, the shelf life of 
lychee wine under different storage conditions (e.g. temperature) should be 
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Table A1. Volatile compounds (GC-FID peak area ×10
6
) and their relative peak areas (RPA %) in lychee juice (day 0) and lychee wines (day 14) 
fermented with different Saccharomyces yeast strains 
 
LRI 
Lychee juice (Day 0) Strain MERIT.ferm Strain EC1118 Strain 71B Strain R2 
Compounds identified 
















Acids  18.66 3.26 27.24 0.15 36.67 0.32 30.35 0.37 29.22 0.37 
Acetic acid  - 15.07 ± 1.75a 2.70 12.41 ± 2.70a 0.15 20.44 ± 4.53b 0.22 12.14 ± 0.34a 0.15 14.33 ± 2.26a 0.18 
2-Ethylhexanoic acid  1182 0.42 ± 0.04 0.19 *N.D. - N.D. - N.D. - N.D. - 
Octanoic acid  1868 0.93 ± 0.18a 0.17 6.94 ± 0.48b  0.01 8.44 ± 0.19bc  0.09 9.28 ± 1.01c 0.11 8.13 ± 1.49bc 0.10 
Decanoic acid  2146 1.24 ± 0.17a 0.15 7.89 ± 1.14b 0.09 7.79 ± 0.95b 0.08 8.93± 0.96b 0.11 5.83 ± 0.32c 0.07 
Alcohols  271.13 48.56 7734.36 92.63 8514.05 91.15 7219.28 89.29 7302.93 93.72 
Ethanol  - 268.58 ± 60.76a 47.56 7620.56 ± 1313.15b 91.27 8425.00 ± 1168.53b 90.20 7135.45 ± 388.48b 88.25 7203.29 ± 541.89b 92.28 
2-Heptanol  3569 1.37 ± 0.01 0.25 N.D. - N.D. - N.D. - N.D. - 
1-Octanol  2766 1.43 ± 0.04 0.26 N.D. - N.D. - N.D. - N.D. - 
Isobutyl alcohol  - N.D. - 18.66 ± 1.59a 0.22 11.29 ± 0.11b 0.14 16.83 ± 0.96c 0.21 11.75 ± 0.35b 0.18 
Isoamyl alcohol  - 1.45 ± 0.19a 0.26 53.51 ± 7.12b 0.64 45.35 ± 4.55bc 0.49 41.13 ± 1.24c 0.51 46.68 ± 10.20bc 0.60 
3-Methyl-3-buten-1-ol  - 0.20 ± 0.01 0.04 N.D.  -  N.D. - N.D. - N.D. - 
2-Ethylhexanol  2592 1.09 ± 0.05 0.19 N.D. -  N.D. - N.D. - N.D. - 
2-Phenylethyl alcohol  3716 N.D. - 41.63 ± 1.22a 0.50 30.21 ± 1.95b 0.32 25.87 ± 3.20bc 0.32 39.09 ± 2.84a 0.50 
Esters  6.75 1.21 575.2 6.89 794.18 8.50 741.86 9.18 460.36 5.91 
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Table A1. (Cont’d) 
 
LRI 
Lychee juice (Day 0) Strain MERIT.ferm Strain EC1118 Strain 71B Strain R2 
Compounds identified 
















Ethyl acetate  - 2.50 ± 0.30a  0.45 11.05 ± 0.11b 0.13 18.48 ± 5.94c 0.20 16.77 ± 2.31bc  0.21 12.78 ± 2.24bc 0.16 
Decyl acetate  1626 N.D. - N.D. - N.D. - 0.85 ± 0.07  0.01 N.D. - 
Ethyl lactate  - N.D. - 1.69 ± 0.12a 0.02 2.39 ± 0.54b  0.03 2.45 ± 0.43b 0.03 2.25 ± 0.24ab  0.03 
Ethyl succinate  - N.D. - 0.63 ± 0.12a 0.01 N.D. - N.D. - 0.80 ± 0.03a  0.01 
Ethyl hexanoate  1769 N.D. - 10.50 ± 0.12a  0.13 3.50 ± 0.50b  0.04 5.43 ± 0.65c 0.07 3.38 ± 0.50b 0.04 
Ethyl heptanoate  1461 N.D. - 0.99 ± 0.12a  0.01 1.06 ± 0.01ab  0.01 N.D. - 1.143 ± 0.05b  0.01 
Methyl octanoate  1543 N.D. - 0.77 ± 0.13a 0.01 0.68 ± 0.01a 0.01 N.D. - 0.72 ± 0.10a 0.01 
Ethyl octanoate  1463 0.79 ± 0.11a 0.14 65.22 ± 1.13b 0.78 80.90 ± 0.84c 0.87 47.68 ± 7.39d 0.59 78.11 ± 9.86c 1.00 
propyl octanoate  1491 N.D. - N.D. - 0.81 ± 0.13  0.01 N.D. - 0.15 ± 0.01  - 
Ethyl pelargonate  - N.D. - 0.76 ± 0.14a 0.01 0.93 ± 0.12a  0.01 0.77 ± 0.12a 0.01 0.81 ± 0.14a 0.01 
Methyl decanoate  1554 N.D. - 0.64 ± 0.16a 0.01 0.76 ± 0.10a 0.01 0.74 ± 0.13a 0.01 0.59 ± 0.10a 0.01 
Ethyl decanoate  1598 N.D. - 263.67 ± 43.52ac 3.16 418.76 ± 76.29b  4.48 383.30 ± 75.07bc 4.74 171.31 ± 35.57a 2.19 
Ethyl dodecanoate  1930 N.D. - 63.34 ± 7.32a 0.76 56.10± 6.15a 0.60 99.47 ± 17.01b 1.23 27.81 ± 0.29c 0.36 
Isoamyl acetate  2164 N.D. - 3.30 ± 0.39a  0.04 2.51 ± 0.35a 0.03 2.90 ± 0.42a  0.04 2.73 ± 0.59a  0.04 
Isobutyl octanoate  1521 N.D. - 0.98  0.08a  0.01 1.12 ± 0.18a  0.01 1.02 ± 0.03a  0.01 1.07 ± 0.14a  0.01 
Isoamyl octanoate  1670 N.D. - 4.27 ± 0.25a  0.05 6.26 ± 0.15b  0.07 4.58 ± 0.67a 0.06 2.53 ± 0.55c  0.03 
ethyl 9-decenoate  1637 N.D. - 51.03 ± 9.94a  0.61 86.47 ± 11.313b  0.89 73.95 ± 7.68ab  0.91 63.15 ± 11.94ab  0.81 
2-Phenylethyl acetate  1820 N.D. - 6.34± 0.36a  0.08 5.23 ± 0.57b  0.06 6.20 ± 0.30a  0.08 6.72 ± 0.45a  0.09 




Table A1. (Cont’d) 
 
LRI 
Lychee juice (Day 0) Strain MERIT.ferm Strain EC1118 Strain 71B Strain R2 
Compounds identified 


















121.74 21.82 12.98 0.16 6.01 0.06 14.2 0.18 11.08 0.14 
Myrcene  - 15.9 ± 0.29  2.85 N.D. - N.D. - N.D. - N.D. - 
Linalool  1575 6.65 ± 0.93a  1.19 0.98 ± 0.15b  0.01 N.D. - N.D. - 0.87 ± 0.01b  0.01 
Geraniol  - 2.24 ± 0.23 0.40 N.D. - N.D. - N.D. - N.D. - 
Citronellol  - 0.62 ± 0.04 0.11 N.D. - N.D. - N.D. - N.D. - 
Citronellyl acetate  1612 N.D. - 0.75 ± 0.15a  0.01 0.92 ± 0.19a  0.01 1.22 ± 0.07b  0.02 0.72 ± 0.07a  0.01 
Nerolidol  1885 N.D. - N.D. - 0.37 ± 0.04a 0.00 N.D. - 0.39 ± 0.04a  0.01 
Farnesene  1644 N.D. - 0.69 ± 0.05a  0.01 0.75 ± 0.11a  0.01 0.67 ± 0.06a  0.01 0.74 ± 0.03a  0.01 
-Terpinene  1166 1.31 ± 0.09  0.23 N.D. - N.D. - N.D. - N.D. - 
γ-Terpinene  1233 2.11 ± 0.13 0.38 N.D. - N.D. - N.D. - N.D. - 
Terpinolene  1278 3.72 ± 0.17 0.67 N.D. - N.D. - N.D. - N.D. - 
Limonene 1185 14.30 ± 0.13  2.56 N.D. - N.D. - N.D. - N.D. - 
p-Cymene  - 9.67 ± 0.27 1.73 N.D. - N.D. - N.D. - N.D. - 
Terpinen-4-ol  1632 5.84 ± 0.32a  1.05 1.22 ± 0.12a  0.01 1.19 ± 0.14a 0.01 0.68 ± 0.03b 0.01 0.61 ± 0.06b 0.01 
p-Mentha-1,5,8-triene  1207 0.60 ± 0.06  - N.D. - N.D. - N.D. - N.D. - 
1,3,8-Para-Menthatriene  1420 1.10 ± 0.05a  0.20 1.23 ± 0.23a  0.01 1.19 ± 0.11a  0.01 1.24 ± 0.13a 0.02 1.07 ± 0.16a  0.01 
-Selinene  1685 1.30 ± 0.23 0.23 N.D. - N.D. - N.D. - N.D. - 




Table A1. (Cont’d) 
 
LRI 
Lychee juice (Day 0) Strain MERIT.ferm Strain EC1118 Strain 71B Strain R2 
Compounds identified 
















-Muurolene  1659 5.70 ± 0.12 1.02 N.D. - N.D. - N.D. - N.D. - 
-Guaiene  1682 11.67 ± 0.98
a  2.09 1.02 ± 0.06b  0.01 N.D. - 1.21 ± 0.12b  0.01 N.D. - 
Cadalene  1995 0.79 ± 0.10a  0.14 N.D. - 0.46 ± 0.02b  0.00 0.43 ± 0.06b  0.01 0.38 ± 0.05b  0.00 
Linalool oxide 1479 0.55 ± 0.05 0.10 N.D. - N.D. - N.D. - N.D. - 
Nerol oxide 1503 10.56 ± 0.32a  1.89 6.47 ± 0.50b 0.08 N.D. - 8.25 ± 0.55c  0.10 5.71 ± 0.40d  0.07 
trans-Rose oxide  1392 3.16 ± 0.03  0.57 N.D. - N.D. - N.D. - N.D. - 
cis-Rose oxide 1376 14.15 ± 0.04a  2.53 0.63 ± 0.07b  0.01 1.13 ± 0.07c  0.01 0.43 ± 0.01d  0.01 0.67 ± 0.07b  0.01 
Ketones  8.59 1.49 N.D. - N.D. - N.D. - N.D. - 
-Damascenone 1822 0.75 ± 0.05 0.13 N.D. - N.D. - N.D. - N.D. - 
a,b,c,d Statistical analysis ANOVA (n=3) at 95% confidence level with same letters indicating no significant difference. 




Table B1. Volatile compounds (GC-FID peak area ×10
6
) and their relative peak areas (RPA %) in lychee juice (day 0) and lychee wines (day 25) 
fermented with different non- Saccharomyces yeast strains (T. delbreukii PRELUDE, W. saturnus NCYC 22 and K. lactis KL71) 
Compounds identified 
in this study 
LRI 















2.72 1.41 16.47 0.38 33.63 1.10 31.10 3.32 
Acetic acid - 1.69 ± 0.20a 0.85 5.70 ± 0.49a 0.13 6.45 ± 1.03ab 0.21 12.57 ± 0.54b 1.36 
Isobutyric acid 1569 * N.D. - 0.74 ± 0.07a 0.02 0.28 ± 0.00b 0.01 0.50 ± 0.04c 0.05 
Butyric acid 1628 0.37 ± 0.04a 0.19 0.40 ± 0.08a 0.01 0.40 ± 0.06a 0.01 0.41 ± 0.00a 0.04 
Hexanoic acid 1845 0.32 ± 0.02a 0.16 0.43 ± 0.07a 0.01 0.74 ± 0.05b 0.02 0.65 ± 0.04b 0.07 
Octanoic acid 2059 0.26 ± 0.01a 0.13 2.33 ± 0.30b 0.05 11.27 ± 0.42c 0.37 4.63 ± 0.48d 0.50 
Decanoic acid 2272 0.15 ± 0.00a 0.08 4.51 ± 0.47b 0.10 8.74 ± 1.13c 0.79 8.33 ± 5.37ab 0.89 
9-Decenoic acid 2335 N.D. 0.00 0.74 ± 0.06a 0.02 N.D. - 0.74 ± 0.06a 0.08 
Dodecanoic acid 2480 N.D. - 1.82 ± 0.17a 0.04 5.09 ± 0.90b 0.17 2.20 ± 0.03a 0.24 
Tetradecanoic acid 2694 N.D. 0.00 0.54 ± 0.02a 0.01 0.66 ± 0.08a 0.02 0.63 ± 0.10a 0.07 
Alcohols 
 
153.92 77.45 4113.85 94.93 1193.62 39.14 185.17 20.08 
Ethanol - 150.88 ± 12.99a 75.92 4016.48 ± 206.08b 92.68 1139.80 ± 205.50c 37.37 148.41 ± 16.15a 16.10 
Propanol 1037 N.D. 0.00 2.75 ± 0.40a 0.06 5.67 ± 0.97b 0.19 N.D. - 
Isobutyl alcohol 1100 N.D. - N.D. - 11.00 ± 1.35b 0.36 8.25 ± 0.52c 0.90 
1-Butanol 1160 N.D. - N.D. - N.D. - 0.15 ± 0.04  0.02 




Table B1. (Cont’d) 
Compounds identified 
in this study 
LRI 













1-Heptanol 1452 0.21 ± 0.00a 0.11 0.37 ± 0.02b 0.01 0.10 ± 0.01a 0.00 0.07 ± 0.01a 0.01 
1-Octanol 1556 0.44 ± 0.04b 0.22 0.07 ± 0.00a 0.00 0.02 ± 0.00a 0.00 0.05 ± 0.01a 0.01 
2-Phenylethyl alcohol 1926 2.39 ± 0.20a 1.20 42.38 ± 2.45b 0.98 19.98 ± 1.76 c 0.65 4.46 ± 0.72a 0.48 
Aldehydes 
 
3.70 1.86 7.16 0.17 7.03 0.23 4.26 0.46 
trans-2-Hexenal 1221 1.77 ± 0.14a 0.89 N.D. - N.D. - N.D. - 
Acetaldehyde - N.D. - 5.58 ± 0.62a 0.13 5.19 ± 0.48a 0.17 2.68 ± 0.29b 0.29 
Benzaldehyde 1536 0.05 ± 0.01a 0.03 0.17 ± 0.01b 0.00 0.14 ± 0.01b 0.00 0.11 ± 0.02c 0.01 
p-Tolualdehyde 1665 1.87 ± 0.16a 0.94 1.41 ± 0.13a 0.03 1.71 ± 0.19a 0.06 1.47 ± 0.24a 0.16 
Ketones  0.93 0.47 0.46 0.01 7.34 0.24   
Acetoin 1298 0.93 ± 0.05a 0.47 0.46 ± 0.02a 0.01 7.34 ± 0.14a 0.24 N.D. - 
Esters  5.96 3.14 216.19 4.95 1505.33 54.70 405.11 63.84 
Methyl acetate - N.D. - N.D. - 1.76 ± 0.21a 0.06 0.17 ± 0.13b 0.02 
Ethyl acetate - 5.23 ± 0.75a 2.63 20.07 ± 0.56a 0.46 1024.96 ± 45.80b 33.61 6.90 ± 0.71a 0.75 
Propyl acetate - N.D. - N.D. - 13.27 ± 0.75a 0.43 1.01 ± 0.06b 0.11 
Isobutyl acetate 1012 N.D. - N.D. - 6.32 ± 0.70a 0.21 0.72 ± 0.25b 0.08 
Ethyl butyrate 1032 N.D. - N.D. - N.D. - 4.31 ± 0.75a 0.47 
Butyl acetate 1068 N.D. - N.D. - 2.90 ± 0.29a 0.10 0.13 ± 0.03b 0.01 




Table B1. (Cont’d) 
 
Compounds identified 
in this study 
LRI 













Ethyl hexanoate 1222 N.D. - 1.43 ± 0.02a 0.03 0.31 ± 0.02b 0.01 0.86 ± 0.04c 0.09 
Heptyl acetate 1260 N.D. - N.D. - 0.73 ± 0.06a 0.02 N.D. - 
Ethyl heptanoate 1325 N.D. - 0.32 ± 0.02a 0.01 0.18 ± 0.04ab 0.01 0.05 ± 0.01b 0.01 
Methyl octanoate 1384 N.D. - N.D. - 0.45 ± 0.09a 0.01 0.14 ± 0.05b 0.02 
Ethyl octanoate 1428 0.65 ± 0.10a 0.33 18.81 ± 1.58b 0.43 9.80 ± 1.08c 0.32 11.18 ± 0.45c 1.21 
7-Octenoic acid, ethyl 
ester 
1481 N.D. - 0.86 ± 0.10a 0.02 N.D. - N.D. 0.00 
Isobutyl octanoate 1546 N.D. - 0.10 ± 0.00a 0.00 0.08 ± 0.01a 0.00 N.D. - 
Methyl decanoate 1590 N.D. - 0.71± 0.07a 0.02 0.29 ± 0.01a 0.01 0.21 ± 0.11a 0.02 
Ethyl decanoate 1636 N.D. - 73.32 ± 9.49a 1.69 18.82 ± 1.23a 0.62 79.52 ± 47.54a 8.62 
Isoamyl octanoate 1654 N.D. - 0.91 ± 0.07a 0.02 0.55 ± 0.07b 0.02 0.50 ± 0.08b 0.05 
Isobutyl decanoate 1750 N.D. - 0.24 ± 0.03a 0.01 N.D. - N.D. - 
Methyl dodecanote 1801 N.D. - 0.07 ± 0.14a 0.00 0.21 ± 0.03b 0.01 0.21 ± 0.03b 0.02 
2-Phenethyl acetate 1824 0.08 ± 0.01a 0.04 4.91 ± 0.88a 0.11 281.37 ± 19.83b 9.23 282.44 ± 38.91b 30.64 
Ethyl dodecanote 1841 N.D. - 14.08 ± 0.35a 0.32 17.70 ± 0.47a 0.58 7.21 ± 1.26b 0.78 
Isobutyl dodecanote 1952 N.D. - 0.11 ± 0.01a 0.00 0.16 ± 0.01b 0.01 0.15 ± 0.02ab 0.02 




Table B1. (Cont’d) 
 
Compounds identified 
in this study 
LRI 













Ethyl undecanoate 2085 N.D. - 0.60 ± 0.05ab 0.01 0.43 ± 0.06a 0.01 0.72 ± 0.12b 0.08 
Ethyl hexadecanoate 2253 N.D. - 4.14 ± 0.56a 0.10 2.01 ± 0.38b 0.07 0.51 ± 0.02c 0.06 
Ethyl-9-decanoate 2281 N.D. - 25.55 ± 4.75a 0.59 0.10 ± 0.03a 0.00 0.16 ± 0.02a 0.18 
Ethyl 9-hexadecanoate 2284 N.D. - 3.83 ± 0.56a 0.09 1.72 ± 0.07b 0.06 1.49 ± 0.19b 0.16 
Terpenes and 
derivatives 
 31.34 15.77 15.50 0.36 14.20 0.46 12.22 1.32 
α- Terpinene 1156 1.31 ± 0.04a 0.66 0.29 ± 0.02b 0.01 0.42 ± 0.01b 0.01 0.16 ± 0.00b 0.02 
Limonene 1180 2.48 ± 3.20a 1.25 2.48 ± 3.20a 0.06 N.D. - 0.41 ± 0.04a 0.04 
γ- Terpinene 1233 0.22 ± 0.06a 0.11 0.22 ± 0.06a 0.01 N.D. - 0.08 ± 0.01a 0.01 
Terpinolene 1273 0.17 ± 0.04a 0.08 0.53 ± 0.07b 0.00 0.13 ± 0.01a 0.00 0.07 ± 0.01a 0.01 
cis-Rose oxide 1346 9.78 ± 1.05a 4.92 1.74 ± 0.09b 0.04 1.67 ± 0.06b 0.05 1.65 ± 0.32b 0.18 
trans-Rose Oxide 1364 2.55 ± 0.25a 1.28 N.D. - 0.36 ± 0.04b 0.01 0.38 ± 0.10b 0.04 
Nerol oxide 1468 7.67 ± 0.76a 3.86 2.91 ± 0.18b 0.07 1.07 ± 0.08b 0.04 3.24 ± 0.64b 0.35 
Linalool 1542 3.17 ± 0.26a 1.60 1.80 ± 0.23b 0.04 1.28 ± 0.05b 0.04 1.29 ± 0.17b 0.14 
Terpinen-4-ol 1602 1.60 ± 0.09a 0.81 1.60 ± 0.09b 0.04 0.18 ± 0.02a 0.01 0.58 ± 0.07b 0.06 
Citronellyl acetate 1660 N.D. - 1.01 ± 0.09a 0.02 7.32 ± 0.26b 0.24 0.61 ± 0.02c 0.07 




Table B1. (Cont’d) 
 
Compounds identified 
in this study 
LRI 













Citronellool 1761 0.69 ± 0.02ab 0.35 1.17 ± 0.03b 0.03 0.46 ± 0.01a 0.02 2.49 ± 0.37c 0.27 
Geraniol 1850 1.38 ± 0.15a 0.69 0.25 ± 0.03b 0.01 0.14  ± 0.02b 0.01 0.38 ± 0.03b 0.04 
Nerolidol 2035 N.D. - 0.76 ± 0.18a - 0.35 ± 0.05b 0.01 0.59 ± 0.16ab 0.06 
Farnesyl acetate 2260 N.D. - N.D. - 0.50 ± 0.07 0.02 N.D. - 
 
a,b,c,d Statistical analysis ANOVA (n=3) at 95% confidence level with same letters indicating no significant difference. 






























Figure C1. Changes in the concentrations of isobutyric acid throughout 
lychee wine fermentation. T. delbrueckii monoculture (〇); sequential culture 









Figure D1 Growth of S. cerevisiae MERIT.ferm and O.oeni strains 
throughout sequential (a) and co-fermentation (b) of lychee AF and MLF.   
Fermentation with MERIT.ferm (●) and Enoferm Beta (○);  
Fermentation with MERIT.ferm (▼) and PN4 (▽);  


























































Figure D2. Changes in the concentrations of sucrose (a), glucose (b), fructose 
(c), and ethanol (d) throughout AF (●) and MLF (〇) of lychee wine. 
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Table D1. Volatile compounds (GC-FID peak area ×10
6
) and their relative peak areas (RPA %) in lychee juice (day 0) and lychee wines (day 20) 
after alcoholic fermentation (AF) and malolactic fermentation (MLF) 
Compounds identified 
in this study 
Lychee juice (Day 0) 
Lychee wines 
(Day 20) AF 
Lychee wines  
(Day 20) MLF 
Peak Area RPA % Peak Area RPA % Peak Area RPA % 
Acids 14.45 3.90 24.56 0.30 32.77 0.44 
Acetic acid 8.52 ± 0.95a 2.30 6.61 ± 1.17a 0.08 6.79 ± 1.12a 0.08 
Isobutyric acid *N.D.      - 0.35 ± 0.03 0.00 N.D. - 
Ethylhexoic acid 1.42 ± 0.41 0.38 N.D. - N.D. - 
Hexanoic acid 1.71 ± 0.45 0.45 N.D. - N.D. - 
Octanoic acid 1.57 ± 0.20a 0.42 6.89 ± 0.87b 0.09 8.06 ± 0.51b 0.10 
Nonanoic acid 0.42 ± 0.03 0.11 N.D. - N.D. - 
Decanoic acid 0.81 ± 0.17a 0.22 8.40 ± 0.50b 0.10 14.30 ± 0.81c 0.18 
9-Decenoic acid N.D. - 1.37 ± 0.03a 0.02 2.40 ± 0.31b 0.03 
Linoleic acid N.D. - 0.59 ± 0.11a 0.01 0.60 ± 0.10a 0.01 
Hexadecanoic acid N.D. - 0.36 ± 0.03a 0.00 0.62 ± 0.13b 0.01 
Alcohols 263.02 71.08 6946.14 85.91 6354.10 85.77 
Ethanol 238.15  ± 11.60a 64.36 6848.94  ± 376.12b 84.71 6268.46  ± 967.73b 77.53 
1-Propanol N.D. - 7.97 ± 0.30a 0.10 7.90 ± 1.35a 0.10 
Isobutyl alcohol N.D. - 19.33 ± 0.60a 0.24 16.54 ± 3.12a 0.20 
1-Butanol N.D. - 0.67 ± 0.08a 0.01 0.64 ± 0.06a 0.01 
Isoamyl alcohol 7.37 ± 0.77a 1.99 39.68 ± 1.65b 0.49 34.40 ± 4.20b 0.43 




Table D1. (Cont’d) 
Compounds identified 
in this study 
Lychee juice (Day 0) 
Lychee wines 
(Day 20) AF 
Lychee wines  
(Day 20) MLF 
Peak Area RPA % Peak Area RPA % Peak Area RPA % 
Prenol 1.22 ± 0.11 0.33 N.D. - N.D. - 
1-Hexanol 4.00 ± 0.39a 1.08 0.25 ± 0.04b 0.00 N.D. - 
2-Ethylhexanol 1.14 ± 0.03 0.31 N.D. - N.D. - 
1-Octanol 1.34 ± 0.39a 0.36 0.32 ± 0.01b 0.00 0.31 ± 0.01b 0.00 
1-Decanol N.D. - 0.54 ± 0.05a 0.00 0.45 ± 0.11a 0.00 
2-Phenylethyl alcohol 3.06 ± 0.12a 0.83 21.46 ± 0.51b 0.27 19.59 ± 2.88b 0.24 
Benzyl alcohol 0.95 ± 0.07 0.26 N.D. - N.D. - 
1-Heptanol N.D. - N.D. - 0.19 ± 0.00 0.00 
Aldehydes 
  
6.54 0.08 6.46 0.09 
Acetaldehyde N.D. - 4.47 ± 0.35a 0.06 4.20 ± 0.34a 0.05 
Benzaldehyde N.D. - 0.66 ± 0.04a 0.01 0.42 ± 0.08b 0.01 
p-Tolualdehyde N.D. - 1.41 ± 0.22a 0.02 1.85 ± 0.14a 0.02 
Ketones 2.84 0.77 0.25 0.00 0.49 0.01 
Acetoin 1.99 ± 0.34a 0.54 0.25 ± 0.05b 0.00 0.27± 0.04b 0.00 
Butyrolactone 0.85 ± 0.25a 0.23 N.D. - 0.21 ± 0.02b 0.00 
Esters 18.92 5.23 1098.54 13.59 1003.09 13.54 




























Compounds identified in 
this study 
Lychee juice (Day 0) 
Lychee wines 
(Day 20) AF 
Lychee wines  
(Day 20) MLF 
Peak Area RPA % Peak Area RPA % Peak Area RPA % 
Isoamyl acetate 1.54 ± 0.05a 0.42 1.71 ± 0.22a 0.02 1.61 ± 0.31a 0.02 
Ethyl hexanoate 1.17 ± 0.20a 0.32 5.58 ± 0.36b 0.07 5.67 ± 1.21b 0.07 
Ethyl heptanoate N.D. - 0.24 ± 0.01a 0.00 0.18 ± 0.04a 0.00 
Isobutyl hexanoate N.D. - 0.09 ± 0.02a 0.00 0.30 ± 0.01b 0.00 
Ethyl lactate N.D. - 0.94 ± 0.19a 0.01 11.39 ± 1.63b 0.14 
Hept acetate N.D. - 0.08 ± 0.01a 0.00 0.11 ± 0.00b 0.00 
Methyl octanoate N.D. - 0.42 ± 0.03a 0.01 0.24 ± 0.05b 0.00 
Ethyl octanoate 0.69 ± 0.06a 0.19 90.51 ± 24.20b 1.12 70.43 ± 11.81b 0.87 
Isoamyl acetate N.D. - 0.50 ± 0.06a 0.01 0.43± 0.19a 0.01 
7-Octenoic acid, ethyl ester N.D. - 0.24 ± 0.02a 0.00 0.20 ± 0.02a 0.00 
Propyl octanoate N.D. - 0.40 ± 0.02a 0.00 0.15 ± 0.01b 0.00 
Ethyl nonanoate N.D. - 0.28 ± 0.04a 0.00 0.39 ± 0.05b 0.00 
Isobutyl octanoate N.D. - 1.30 ± 0.26a 0.02 1. 02 ± 0.22a 0.01 
Methyl decanoate N.D. - 0.61 ± 0.14a 0.01 0.50 ± 0.05a 0.01 
Ethyl decanoate 0.81 ± 0.10a 0.22 626.27 ± 98.74b 7.75 553.61 ± 36.37b 6.85 
Isoamyl octanoate N.D. - 7.19 ± 2.09a 0.09 6.93 ± 0.45a 0.09 
Ethyl succinate N.D. - 1.05 ± 0.04a 0.01 0.89 ± 0.04b 0.01 
Ethyl 9-decanoate N.D. - 141.50 ± 25.69a 1.75 122.59 ± 20.67a 1.52 
Propyl decanoate N.D. - 1.42 ± 0.14a 0.02 1.38 ± 0.18a 0.02 
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Compounds identified in 
this study 
Lychee juice (Day 0) 
Lychee wines 
(Day 20) AF 
Lychee wines  
(Day 20) MLF 
Peak Area RPA % Peak Area RPA % Peak Area RPA % 
Ethyl undecylate N.D. - 0.26 ± 0.02a 0.00 0.26 ± 0.02a 0.00 
Isobutyl decanoate N.D. - 3.53 ± 0.47a 0.04 3.34 ± 0.71a 0.04 
Ethyl phenylacetate N.D. - 0.34 ± 0.02a 0.00 030 ± 0.05a 0.00 
Methyl dodecanote N.D. - 0.28 ± 0.03a 0.00 0.26 ± 0.06a 0.00 
2-Phenethyl acetate 0.33 ± 0.03a 0.09 3.61 ± 0.28b 0.04 3.53 ± 0.27b 0.04 
Ethyl dodecanote 0.73 ± 0.03a 0.20 97.45 ± 8.99b 1.21 103.38 ± 14.34b 1.28 
Isoamyl decanoate N.D. - 8.43 ± 1.60a 0.10 8.68 ± 1.58a 0.11 
Isoamyl undecydenate N.D. - 2.24 ± 0.46 0.03 N.D. - 
Isobutyl dodecanote N.D. - 0.32 ± 0.03a 0.00 0.38 ± 0.02b 0.00 
Ethyl myristate N.D. - 2.04 ± 0.35a 0.35 2.27 ± 0.08a 0.03 
3-Methylbutyl dodecanoate N.D. - 0.58 ± 0.05a 0.01 0.58 ± 0.11a 0.01 
Ethyl undecanoate N.D. - 1.73 ± 0.10a 0.02 0.50 ± 0.02b 0.01 
Ethyl pentadecanoate N.D. - 0.15 ± 0.02a 0.00 0.18 ± 0.01a 0.00 
Methyl hexadecanoate N.D. - 0.16 ± 0.01 0.00 N.D. - 
Ethyl palmitate N.D. - 19.89 ± 2.71a 0.25 24.39 ± 1.33a 0.30 
Franesyl acetate N.D. - 0.39 ± 0.06a 0.00 0.41 ± 0.03a 0.01 
Ethyl 9-hexadecanoate 0.91 ± 0.04a 0.25 56.42 ± 6.10b 0.70 53.84 ± 3.19b 0.67 
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Compounds identified in 
this study 
Lychee juice (Day 0) 
Lychee wines 
(Day 20) AF 
Lychee wines  
(Day 20) MLF 
Peak Area RPA % Peak Area RPA % Peak Area RPA % 
Phenol, 
2,4-Bis(1,1-dimethylethyl)- 
N.D. - 0.88 ± 0.14a 0.01 1.09 ± 0.19a 0.01 
Ethyl stearate N.D. - 1.73 ± 0.17a 0.02 1.76 ± 0.27a 0.02 
Ethyl oleate N.D. - 6.13 ± 0.71a 0.08 7.19 ± 1.02a 0.09 
Terpenes and derivatives 59.20 16.00 7.16 0.09 9.93 0.13 
α- Terpinene 1.51 ± 0.06 0.41 N.D. - N.D. - 
Limonene 1.20 ± 0.14a 0.32 0.12 ± 0.01b 0.00 0.14 ± 0.03b 0.00 
1,5,8-p-menthatriene N.D. - 0.12 ± 0.02a 0.00 0.24 ± 0.02b 0.00 
γ- Terpinene 0.51 ± 0.05 0.14 N.D. - N.D. - 
Terpinolene 0.48 ± 0.07 0.13 N.D. - N.D. - 
cis-Rose oxide 6.94 ± 0.39a 1.88 0.20 ± 0.06b 0.00 0.39 ± 0.00c 0.00 
trans-Rose Oxide 1.79 ± 0.06a 0.48 0.09 ± 0.01b 0.00 0.09 ± 0.01b 0.00 
Naxol 1.42 ± 0.03a 0.38 0.12 ± 0.04b 0.00 0.10 ± 0.00b 0.00 
Nerol oxide 6.53 ± 0.35a 1.77 0.57 ± 0.05b 0.01 0.66 ± 0.05b 0.01 
o-Cymene 3.58 ± 0.56a 0.97 0.40 ± 0.02b 0.00 0.34 ± 0.09b 0.00 
Linalool 4.98 ± 1.21a 1.35 0.16 ± 0.02b 0.00 1.03 ± 0.15c 0.1 
Terpinen-4-ol 2.89 ± 0.09a 0.78 0.47 ± 0.10b 0.01 0.29 ± 0.05b 0.00 
Citronellyl acetate N.D. - 1.22 ± 0.07a 0.02 1.30 ± 0.20a 0.02 
o-Tolualdehyde 3.35 ± 0.65 0.91 N.D. - N.D. - 
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a,b,c, Statistical analysis at 95% confidence level with same letters indicating no significant difference; *N.D.: not detected. 
Compounds identified in 
this study 
Lychee juice (Day 0) 
Lychee wines 
(Day 20) AF 
Lychee wines  
(Day 20) MLF 
Peak Area RPA % Peak Area RPA % Peak Area RPA % 
α-Terpineol 0.52 ± 0.06 0.14 N.D. - N.D. - 
Guaiene 0.69 ± 0.05 0.19 N.D. - N.D. - 
Citronellool 0.67 ± 0.06a 0.18 0.66 ± 0.04a 0.01 0.74 ± 0.15a 0.01 
Geraniol 1.49 ± 0.06a 0.40 N.D. - 0.38 ± 0.05b 0.00 
α-Calacorene 2.10 ± 0.03 0.57 N.D. - N.D. - 
β-Damascenone 0.67 ± 0.05 0.18 N.D. - N.D. - 
o-Allyltoluene N.D. - 1.39 ± 0.48a 0.02 2.27 ± 0.23b 0.03 
Benzene, 
methyl(1-methylethenyl)- 
6.71 ± 0.78a 1.81 0.62 ± 0.12b 0.01 N.D. - 
Benzene, 
1,3-Bis(1,1-dimethylethyl)- 
0.55 ± 0.06 0.15 N.D. - N.D. - 
trans-β-Ocimene 1.34 ± 0.07 0.36 N.D. - N.D. - 
Sabinene 2.32 ± 0.09 0.63 N.D. - N.D. - 
7-Octen-2-ol, 2,6-dimethyl- 5.30 ± 0.05 1.43 N.D. - N.D. - 
Isocineole 0.16 ± 0.05 0.04 N.D. - N.D. - 
Nerolidol N.D. - 0.30 ± 0.03a 0.00 0.36 ± 0.05a 0.00 























Figure E1. Changes of 
o
Brix value throughout lychee wine fermentation. 
Control (〇); L-phenylalanine added (▽); L-tryptophan added (□); L-tyrosine 
added (▥).   
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Table E1. Major volatile compounds (GC-FID peak area ×10
6
) and their relative peak areas (% RPA) in lychee juice (day 0) and lychee wines 
(day 10) fermented by S. cerevisiae MERIT.ferm, with and without addition of aromatic amino acids. 
Compounds identified 
in this study 
LRI 
Lychee juice  (Day 0) Control (Day 10) L-Phe (Day 10) L-Trp (Day 10) L-Tyr (Day 10) 
Peak Area RPA  Peak Area RPA  Peak Area RPA  Peak Area RPA  Peak Area RPA  
Acids 
 
9.67 3.76 25.39 0.43 24.68 0.38 23.33 0.42 21.02 0.35 
Acetic acid - 8.57 ± 0.70a 3.34 5.38 ± 1.72a 0.09 6.48 ± 0.80a 0.10 5.53 ± 1.09a 0.10 5.37 ± 1.15a 0.09 
Hexanoic acid - 0.16 ± 0.03a 0.06 *N.D. - 0.59 ± 0.09b 0.01 0.57 ± 0.11b 0.01 0.60 ± 0.05b 0.01 
2-Ethylhexanoic acid 1182 0.42 ± 0.04 0.16 N.D. - N.D. - N.D. - N.D. - 
Decanoic acid 2146 0.25 ± 0.04a 0.10 9.32 ± 2.08b 0.16 8.61 ± 1.18b 0.13 8.19 ± 1.34b 0.15 6.70 ± 1.35b 0.11 
Octanoic acid 3868 0.27 ± 0.02a 0.11 6.76 ± 0.26b 0.12 6.12 ± 0.40bc 0.09 6.21 ± 0.30b 0.11 5.29 ± 0.30c 0.09 
9-Decenoic acid 2188 N.D. - 2.38 ± 0.34a 0.04 1.51 ± 0.21b 0.02 1.70 ± 0.26ab 0.03  1.85 ± 0.14ab 0.03 
Linoleic acid 2294 N.D. - 0.46 ± 0.07a 0.01 0.41 ± 0.07a 0.01 0.47 ± 0.08a 0.01 0.55 ± 0.08a 0.01 
Dodecanoic acid 2144 N.D. - 0.70 ± 0.15ab 0.01 0.73 ± 0.08a 0.01 0.42 ± 0.08c 0.01  0.42 ± 0.06bc 0.01 
Isobutyric acid - N.D. - 0.27 ± 0.03a 0.00  0.23 ± 0.03ab 0.00 0.16 ± 0.02bc 0.00 0.15 ± 0.02c 0.00 
2-Phenylbutyric acid 1794 N.D. - 0.12 ± 0.02a 0.00 ND - 0.08 ± 0.01b 0.00  0.09 ± 0.00ab 0.00 
Alcohols 
 
168.49 65.57 5007.29 86.68 5747.46 88.59 4795.00 88.10 5238.42 87.68 
Ethanol - 163.57 ± 16.3a 63.66 4941.0 ± 1754.7b 85.54 5636.65 ± 883.3b 86.88 4712.49 ± 1391.6b 85.99 5168.01 ± 886.7b 86.50 
Isoamyl alcohol - 0.66 ± 0.06a 0.26 31.47 ± 5.91b 0.54 30.60 ± 5.42b 0.47 30.32 ± 4.28b 0.55 28.42 ± 5.63b 0.48 
2-Phenylethyl alcohol 3716 N.D. - 14.08 ± 0.92a 0.24 58.32 ± 4.22b 0.90 33.47 ± 3.13c 0.61 21.52 ± 1.30a 0.36 
Propanol - N.D. - 5.84 ± 1.18a 0.10 5.91 ± 0.87a 0.09 5.02 ± 1.12a 0.09 6.41 ± 1.29a 0.11 
Isobutyl alcohol - N.D. - 14.60 ± 2.51a 0.25 15.50 ± 2.57a 0.24 13.22 ± 2.16a 0.24 13.66 ± 2.34a 0.23 
1-Butanol - N.D. - 0.22 ± 0.15a 0.00  0.42 ± 0.01a 0.01 0.40 ± 0.09a 0.01 0.31 ± 0.04a 0.01 
1-Octanol 2766 N.D. - 0.08 ± 0.01a 0.00  0.06 ± 0.00b 0.00 0.08 ± 0.00ab 0.61 0.09 ± 0.00a 0.00 
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Table E1. (Cont’d) 
Compounds identified 
in this study 
LRI 
Lychee juice  (Day 0) Control (Day 10) L-Phe (Day 10) L-Trp (Day 10) L-Tyr (Day 10) 
Peak Area RPA  Peak Area RPA  Peak Area RPA  Peak Area RPA  Peak Area RPA  
Aldehydes 
 
11.22 4.37 2.83 0.05 3.70 0.06 3.42 0.06 3.60 0.06 
Acetaldehyde - 0.41 ± 0.04a 0.16 1.35 ± 0.25b 0.02 2.18 ± 0.32c 0.03 1.36 ± 0.24b 0.02 1.87 ± 0.32bc 0.03 
2-Butenal - 1.18 ± 0.04 0.46 N.D. - N.D. - N.D. - N.D. - 
Hexanal 3397 0.19 ± 0.01 0.07 N.D. - N.D. - N.D. - N.D. - 
Ketones 
 
4.62 1.80 0.22 0.00 0.37 0.00 0.21 0.00 0.18 0.00 
3-Hydroxy-2-butanone - 0.44 ± 0.04a 0.17 0.18 ± 0.04b 0.00 0.27 ± 0.06b 0.00 0.17 ± 0.03b 0.00 0.15 ± 0.03b 0.00 
Butyrolactone - N.D. - 0.04 ± 0.01a 0.00 0.10 ± 0.02b 0.00 0.04 ± 0.01a 0.00 0.03 ± 0.01a 0.00 
Esters 
 
4.08 1.59 733.02 12.68 702.15 10.81 651..07 11.87 703.38 11.77 
Methyl caproate 2551 0.19 ± 0.01 0.07 N.D. - N.D. - N.D. - N.D. - 
Methyl octanoate 1543 N.D. - 0.06 ± 0.01a 0.00 0.06 ± 0.01a 0.00 0.07 ± 0.01a 0.00 0.05 ± 0.00a 0.00 
Methyl decanoate 1554 N.D. - 0.25 ± 0.05a 0.00 0.22 ± 0.01a 0.00 0.22 ± 0.02a 0.00 0.22 ± 0.04a 0.00 
Methyl dodecanoate 1798 N.D. -  0.13 ± 0.02ab 0.00 0.17 ± 0.03a 0.00 0.10 ± 0.01b 0.00 0.07 ± 0.01b 0.00 
Ethyl butyrate 2804 0.46 ± 0.05a 0.18 0.47 ± 0.01a 0.01 1.59 ± 0.43b 0.02 0.40 ± 0.02a 0.01 0.58 ± 0.08a 0.01 
Ethyl octanoate 1463 0.31 ± 0.06a 0.12 58.78 ± 9.10b 1.02 58.06 ± 5.40b 0.89 50.41 ± 5.08b 0.92 59.17 ± 7.42b 0.99 
Ethyl hexanoate 1769 N.D. - 4.91 ± 1.14a 0.08 4.68 ± 1.18a 0.07  5.53 ± 0.31a 0.10 8.92 ± 4.35a 0.15 
Ethyl decanoate 1598 0.25 ± 0.02
a
 0.10 362.19 ± 32.55
b
 6.27 338.26 ± 18.25
b
 5.21 313.57 ± 9.04
b
 5.72 333.46 ± 65.57
b
 5.58 
Ethyl dodecanoate 1930 0.35 ± 0.03
a
 0.14  82.31 ± 18.10
b
 1.42 72.92 ± 4.06
b
 1.12 78.67 ± 14.64
b
 1.44 64.05 ± 15.50
b
 1.07 
Ethyl 9-decenoate 1637 N.D. - 129.65 ± 22.47a 2.24 86.83 ± 4.23b 1.34 95.34 ± 4.37ab 1.74 132.71 ± 13.10a 2.22 
Ethyl acetate - 1.31 ± 0.06a 0.51 6.41 ± 0.43b 0.11 5.36 ± 0.44c 0.08 5.03 ± 0.32c 0.09 6.01 ± 0.31bc 0.10 
Butyl acetate 3242 0.27 ± 0.01 0.11 N.D. - N.D. - N.D. - N.D. - 
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Table E1. (Cont’d) 
Compounds identified 
in this study 
LRI 
Lychee juice  (Day 0) Control (Day 10) L-Phe (Day 10) L-Trp (Day 10) L-Tyr (Day 10) 
Peak Area RPA  Peak Area RPA  Peak Area RPA  Peak Area RPA  Peak Area RPA  
Isoamyl acetate 2164 0.37 ± 0.03a 0.14 3.33 ± 0.14b 0.06 2.23 ± 0.25c 0.03 2.74 ± 0.37bc 0.05 2.84 ± 0.03bc 0.05 
2-Phenylethyl acetate 1820 0.11 ± 0.01a 0.04 3.57 ± 0.13b 0.06 36.44 ± 1.85c 0.56 8.68 ± 0.92d 0.16 5.10 ± 0.36b 0.09 
Isobutyl acetate 2529 N.D. - 0.53 ± 0.07a 0.01 0.58 ± 0.04a 0.01 0.56 ± 0.11a 0.01 0.58 ± 0.06a 0.01 
Heptyl acetate 1521 N.D. - 0.10 ± 0.01a 0.00 0.05 ± 0.01b 0.00 0.06 ± 0.01b 0.00 0.07 ± 0.01b 0.00 
Decyl acetate 1626 N.D. - 0.40 ± 0.05a 0.01 0.28 ± 0.06b 0.00 0.24 ± 0.01b 0.00 0.31 ± 0.02ab 0.01 
4-Ethylphenyl acetate - N.D. - N.D. - 0.16 ± 0.02 0.00 N.D. - N.D. - 
Isobutyl hexanoate 1372 N.D. - 0.03 ± 0.00a 0.00 0.03 ± 0.01a 0.00 0.02 ± 0.00a 0.00 0.03 ± 0.01a 0.00 
Isoamyl hexanoate 1438 N.D. - 0.16 ± 0.04a 0.00 0.18 ± 0.03a 0.00 0.14 ± 0.01a 0.00 0.18 ± 0.03a 0.00 
Isobutyl octanoate 1521 N.D. - 0.77 ± 0.09a 0.01 0.78 ± 0.15a 0.01 0.60 ± 0.06a 0.01 0.66 ± 0.17a 0.01 
Isoamyl octanoate 1670 N.D. - 4.03 ± 0.90a 0.07 3.79 ± 0.52a 0.06 3.25 ± 0.51a 0.06 3.80 ± 0.92a 0.06 
Propyl decanoate 1728 N.D. - 0.78 ± 0.04a 0.01 0.31 ± 0.34a 0.00 0.58 ± 0.07a 0.01 0.75 ± 0.09a 0.01 
Isobutyl decanoate 1832 N.D. - 2.28 ± 0.51a 0.04 0.76 ± 1.15a 0.01 1.59 ± 0.27a 0.03 1.57 ± 0.32a 0.03 
Isoamyl decanoate 1777 N.D. - 5.49 ± 1.23a 0.10 4.62 ± 0.49a 0.07 4.72 ± 1.39a 0.09 4.42 ± 1.27a 0.07 
Isoamyl butyrate 2167 N.D. - 2.53 ± 0.42a 0.04 1.53 ± 0.10a 0.02 1.74 ± 0.43a 0.03 2.34 ± 0.62a 0.04 
2-Phenylethyl 
isobutyrate 
1837 N.D. - N.D. - 0.20 ± 0.04a 0.00 0.15 ± 0.01ab 0.00 0.11 ± 0.01b 0.00 





0.07 0.00 0.11 0.00 0.53 0.00 0.14 0.00 
Methionol - N.D. - 0.07 ± 0.01a 0.00 0.11 ± 0.08a 0.00 0.53 ± 0.10b 0.01 0.14 ± 0.03a 0.00 
Terpene derivatives 
 
17.98 7.00 3.18 0.02 3.14 0.02 2.89 0.02 3.10 0.02 
α-Terpinene 1166 0.61 ± 0.04a 0.24 0.02 ± 0.00b 0.00 0.02 ± 0.00b 0.00 0.03 ± 0.00b 0.00 0.03 ± 0.01b 0.00 
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Table E1. (Cont’d) 
Compounds identified 
in this study 
LRI 
Lychee juice  (Day 0) Control (Day 10) L-Phe (Day 10) L-Trp (Day 10) L-Tyr (Day 10) 
Peak Area RPA  Peak Area RPA  Peak Area RPA  Peak Area RPA  Peak Area RPA  
Limonene 1185 0.87 ± 0.08a 0.34 0.05 ± 0.01b 0.00 0.04 ± 0.01b 0.00 0.03 ± 0.01b 0.00 0.05 ± 0.01b 0.00 
-Terpinene 1233 0.18 ± 0.02 0.07 N.D. - N.D. - N.D. - N.D. - 
Terpinolene 1278 0.39 ± 0.04 0.15 N.D. - N.D. - N.D. - N.D. - 
Terpinen-4-ol 1632 2.68 ± 0.25a 1.04 0.15 ± 0.01b 0.00 0.15 ± 0.00b 0.00 0.14 ± 0.02b 0.00 0.13 ± 0.01b 0.00 
Linalool 1575 4.62 ± 1.36a 1.80 0.06 ± 0.01b 0.00 0.05 ± 0.01b 0.00 0.07 ± 0.01b 0.00 0.06 ± 0.00b 0.00 
Nerolidol 1885 0.15 ± 0.03a 0.06 0.20 ± 0.02a 0.00 N.D. - 0.22 ± 0.03a 0.00 0.20 ± 0.03a 0.00 
trans-β-Farnesene 1644 N.D. - 0.42 ± 0.05a 0.01 0.46 ± 0.09a 0.01 0.41 ± 0.04a 0.01 0.37 ± 0.03a 0.01 
β-Bisabolene 1688 N.D. - 0.13 ± 0.02a 0.00 0.11 ± 0.02a 0.00 0.11 ± 0.01a 0.00 0.12 ± 0.02a 0.00 
Neryl acetate 1684 N.D. - 0.11 ± 0.01ab 0.00 0.08 ± 0.01a 0.00 0.09 ± 0.01ab 0.00 0.12 ± 0.02b 0.00 
Farnesyl acetate 2209 N.D. - 0.45 ± 0.04a 0.01 0.36 ± 0.04a 0.01 0.40 ± 0.03a 0.01 0.36 ± 0.05a 0.01 
Citronellyl acetate 1612 N.D. - 0.66 ± 0.17a 0.01 0.61 ± 0.11a 0.01 0.56 ± 0.10a 0.01 0.68 ± 0.10a 0.01 
Oxides 
 
20.52 7.99 0.75 0.01 0.62 0.01 0.72 0.01 0.75 0.01 
cis-Rose oxide 1376 10.44 ± 0.37a 4.06 0.22 ± 0.01b 0.00 0.20 ± 0.01b 0.00 0.24 ± 0.05b 0.00 0.22 ± 0.02b 0.00 
trans-Rose oxide 1392 2.20 ± 0.13a 0.86 0.06 ± 0.01b 0.00 0.06 ± 0.01b 0.00 0.04 ± 0.01b 0.00 0.05 ± 0.00b 0.00 
Linalool oxide 1479 0.13 ± 0.02 0.05 N.D. - N.D. - N.D. - N.D. - 
Nerol oxide 1503 7.75 ± 0.60a 3.02 0.47 ± 0.03b 0.01 0.36 ± 0.01b 0.01 0.44 ± 0.02b 0.01 0.48 ± 0.01b 0.01 
a,b,cStatistical analysis at 95% confidence level with same letters indicating no significant difference. 





Table F1. Volatile compounds (GC-FID peak area ×10
6
) and their relative peak areas (% RPA) in lychee juice (day 0) and lychee wines (day 10) 
fermented with S. cerevisiae MERIT.ferm, with and without added branched-chain amino acids. 
Compounds identified 
in this study 
LRI 
Lychee juice (day 0) Control (day 10) L-Leu (day 10) L-Ile (day 10) L-Val (day 10) 
Peak area RPA Peak area RPA Peak area RPA Peak area RPA Peak area RPA 











Acetic acid 1459 2.51 ± 0.26a 1.24 3.00 ± 0.43b 0.04 4.39 ± 0.82b 0.06 4.00 ± 0.49b 0.06 3.85 ± 0.27b 0.06 
Isobutyric acid 1572 *N.D. - 0.37 ± 0.03ab 0.00 0.26 ± 0.02a 0.00 0.30 ± 0.02a 0.00 0.49 ± 0.08b 0.01 
2-Ethylhexanoic acid 1952 0.17 ± 0.03 0.08 N.D. - N.D. - N.D. - N.D. - 
Octanoic acid 2061 0.11 ± 0.02a 0.05 17.61 ± 0.59b 0.22 17.48 ± 0.82b 0.22 15.32 ± 1.31b 0.24 16.52 ± 0.26b 0.26 
9-Decenoic acid 2340 N.D. - 2.55 ± 0.06a 0.03 3.18 ± 0.51a 0.04 2.49 ± 0.29a 0.04 2.55 ± 0.42a 0.04 
Decanoic acid 2276 N.D. - 16.79 ± 0.05a 0.21 11.02 ± 0.51b 0.14 13.33 ± 1.92ab 0.21 15.30 ± 2.36a 0.24 
Dodecanoic acid 2487 N.D. - 1.38 ± 0.26a 0.02 1.13 ± 0.09a 0.01 1.31 ± 0.25a 0.02 1.22 ± 0.24a 0.02 
9-Hexadecenoic acid 2085 N.D. - N.D. - 0.18 ± 0.03 0.00 N.D. - N.D. - 
























Butanol 1152 N.D. - 0.38 ± 0.08a 0.00 0.54 ± 0.02ab 0.01 0.75 ± 0.12b 0.01 0.38 ± 0.03a 0.01 
3-Methyl-2-buten-1-ol 1302 2.11 ± 0.06 1.04 N.D. - N.D. - N.D. - N.D. - 
Isobutyl alcohol 1083 N.D. - 27.29 ± 5.19ab 0.34 18.01 ± 2.94a 0.23 22.94 ± 2.70a 0.36 34.72 ± 1.42b 0.54 
Active amyl alcohol 1212 N.D. - 6.91 ± 1.04a 0.09 6.88 ± 0.49a 0.09 52.51 ± 7.58b 0.82 7.06 ± 0.77a 0.11 
Isoamyl alcohol  1210 3.80 ± 0.39a 1.88 53.08 ± 4.85b 0.67 91.47 ± 7.06c 1.17 45.98 ± 3.37b 0.72 44.20 ± 1.26b 0.68 
3-Isopentenyl alcohol 1253 2.55 ± 0.14 1.26 N.D. - N.D. - N.D. - N.D. - 
176 
 
Table F1. (Cont’d) 
Compounds identified 
in this study 
LRI 
Lychee juice (day 0) Control (day 10) L-Leu (day 10) L-Ile (day 10) L-Val (day 10) 
Peak area RPA Peak area RPA Peak area RPA Peak area RPA Peak area RPA 
2-Ethylhexanol 1488 0.43 ± 0.09 0.21 N.D. - N.D. - N.D. - N.D. - 
3-Hexenol 1385 0.14 ± 002 0.07 N.D. - N.D. - N.D. - N.D. - 
trans-2-Hexenol 1406 1.18 ± 0.08 0.58 N.D. - N.D. - N.D. - N.D. - 
Benzenemethanol 1891 0.15 ± 0.03 0.08 N.D. - N.D. - N.D. - N.D. - 
Heptanol 1454 0.17 ± 0.02a 0.08 0.38 ± 0.03b 0.00 0.38 ± 0.00b 0.00 0.29 ± 0.02c 0.00 0.33 ± 0.03bc 0.01 
1-Octen-3-ol 1448 2.38 ± 0.31 1.18 N.D. - N.D. - N.D. - N.D. - 
Octanol 1557 0.17 ± 0.03a 0.08 0.32 ± 0.02b 0.00 0.22 ± 0.03a 0.00 0.20 ± 0.02a 0.00 0.30 ± 0.02b 0.00 
Phenylethyl alcohol 1927 1.03 ± 0.06a 0.51 19.72 ± 2.22b 0.25 24.35 ± 1.98bc 0.31 20.93 ± 0.45bc 0.33 21.21 ± 0.97c 0.33 
o-Butylphenol 2185 0.52 ± 0.01a 0.26 0.23 ± 0.03b 0.00 0.17 ± 0.03bc 0.00 0.17 ± 0.01c 0.00 0.15 ± 0.02c 0.00 
Dihydromyrcenol 1466 0.77 ± 0.04 0.38 N.D. - N.D. - N.D. - N.D. - 
1-Dodecanol 1967 N.D. - 0.19 ± 0.02a 0.00 N.D. - 0.15 ± 0.02ab 0.00 0.14 ± 0.02b 0.00 
2,4-Di-tert-butylphenol 2315 1.51 ± 0.11a 0.75 0.51 ± 0.10b 0.01 0.45 ± 0.04b 0.01 0.53 ± 0.10b 0.01 0.43 ± 0.05b 0.01 











Hexanal 1083 2.09 ± 0.10 1.03 N.D. - N.D. - N.D. - N.D. - 
trans-2-Hexenal 1224 1.78 ± 0.10 0.88 N.D. - N.D. - N.D. - N.D. - 
Benzaldehyde 1541 N.D. - 0.16 ± 0.02a 0.00 0.14 ± 0.03a 0.00 0.15 ± 0.02a 0.00 0.16 ± 0.01a 0.00 
o-Tolualdehyde 1669 1.10 ± 0.15 0.55 N.D. - N.D. - N.D. - N.D. - 
p-Tolualdehyde 1684 N.D. - 0.96 ± 0.16a 0.01 0.73 ± 0.11a 0.01 0.18 ± 0.02b 0.00 0.85 ± 0.12a 0.01 











3-Hydroxybutanone 1296 0.89 ± 0.03 0.44 N.D. - N.D. - N.D. - N.D. - 
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Table F1. (Cont’d) 
Compounds identified 
in this study 
LRI 
Lychee juice (day 0) Control (day 10) L-Leu (day 10) L-Ile (day 10) L-Val (day 10) 
Peak area RPA Peak area RPA Peak area RPA Peak area RPA Peak area RPA 
Butyrolactone 1655 0.51 ± 0.10 0.25 N.D. - N.D. - N.D. - N.D. - 
6-Methyl-5-heptenone 1340 0.20 ± 0.03 0.10 N.D. - N.D. - N.D. - N.D. - 











Methyl octanoate 1387 N.D. - 0.24 ± 0.02a 0.00 0.23 ± 0.02a 0.00 0.16 ± 0.02b 0.00 0.17 ± 0.00b 0.00 
Methyl decanoate 1595 N.D. - 0.56 ± 0.09a 0.01 0.39 ± 0.05b 0.00 0.50 ± 0.03b 0.01 0.61 ± 0.06a 0.01 
Methyl dodecanoate 1805 N.D. - 0.17 ± 0.01a 0.00 0.13 ± 0.03ab 0.00 0.11 ± 0.02ab 0.00 0.15 ± 0.01a 0.00 
Ethyl acetate - 2.31 ± 0.10a 1.14 18.19 ± 0.82c 0.23 15.89 ± 0.93b 0.20 16.05 ± 0.59b 0.25 16.76 ± 0.38bc 0.26 
Ethyl butyrate 1037 N.D. - 7.96 ± 1.01a 0.10 8.37 ± 1.82a 0.11 6.89 ± 0.46a 0.11 7.96 ± 0.62a 0.12 
Ethyl hexanoate 1227 N.D. - 11.50 ± 0.85a 0.14 12.73 ± 0.99a 0.16 10.78 ± 0.50a 0.17 11.46 ± 0.52a 0.18 
Ethyl 7-octenoate 1485 N.D. - N.D. - N.D. - N.D. - 0.26 ± 0.02 0.00 
Ethyl heptanoate 1329 N.D. - 0.34 ± 0.07a 0.00 0.28 ± 0.05a 0.00 0.29 ± 0.04a 0.00 0.25 ± 0.03a 0.00 
Ethyl octanoate 1435 N.D. - 166.38 ± 4.40ab 2.09 184.10 ± 5.32c 2.35 160.66 ± 4.26bc 2.51 177.92 ± 4.29a 2.75 
Ethyl pelargonate 1534 N.D. - 0.38 ± 0.01a 0.00 0.31 ± 0.07a 0.00 0.42 ± 0.09a 0.01 0.38 ± 0.04a 0.01 
Ethyl 9-decanoate 1726 N.D. - 150.76 ± 12.97a 1.90 176.14 ± 38.46a 2.25 161.61 ± 10.73a 2.53 163.99 ± 29.93a 2.53 
Ethyl decanoate 1648 N.D. - 678.03 ± 83.34a 8.53 391.27 ± 4.63b 4.99 633.70 ± 65.02a 9.91 715.79 ±132.46a 11.06 
Ethyl undecanoate 1743 N.D. - 0.22 ± 0.04a 0.00 N.D. - 0.19 ± 0.02a 0.00 0.23 ± 0.04a 0.00 
Ethyl dodecanoate 1849 N.D. - 111.60 ± 6.85a 1.40 67.20 ± 3.10b 0.86 81.05±14.1c 1.27 98.96 ± 14.65ac 1.53 
Ethyl myristate 2051 N.D. - 0.96 ± 0.16a 0.01 1.23 ± 0.29a 0.02 1.24 ± 0.21a 0.02 1.28 ± 0.20a 0.02 




Table F1. (Cont’d) 
Compounds identified 
in this study 
LRI 
Lychee juice (day 0) Control (day 10) L-Leu (day 10) L-Ile (day 10) L-Val (day 10) 
Peak area RPA Peak area RPA Peak area RPA Peak area RPA Peak area RPA 
Ethyl hexadecanoate 2257 N.D. - 4.01 ± 0.82a 0.05 6.18 ± 0.24b 0.08 7.30 ± 0.69ab 0.11 N.D. - 
Propyl octanoate 1517 N.D. - 0.35 ± 0.01 0.00 N.D. - 0.61 ± 0.02 0.01 0.72 ± 0.08 0.01 
Propyl decanoate 1738 N.D. - 1.97 ± 0.41bc 0.02 1.02 ± 0.04a 0.01 1.32 ± 0.15ab 0.02 2.37 ± 0.20c 0.04 
Isobutyl acetate 1015 N.D. - 0.75 ± 0.03a 0.01 0.53 ± 0.02b 0.01 2.77 ± 0.33a 0.04 2.75 ± 0.25b 0.04 
Isobutyl hexanoate 1348 N.D. - 0.08 ± 0.01a 0.00 0.05 ± 0.01b 0.00 0.07 ± 0.01a 0.00 0.26 ± 0.03a 0.00 
Isobutyl octanoate 1551 N.D. - 1.69 ± 0.21ab 0.02 0.97 ± 0.03a 0.01 2.01 ± 0.44bc 0.03 2.84 ± 0.34c 0.04 
Isobutyl decanoate 1758 N.D. - 6.15 ± 0.86bc 0.08 2.11 ± 0.17a 0.03 5.01 ± 0.06b 0.08 7.25 ± 0.87c 0.11 
Isobutyl dodecanoate 1961 N.D. - 0.33 ± 0.05ab 0.00 0.22 ± 0.01c 0.00 0.30 ± 0.04bc 0.00 0.41 ± 0.04a 0.01 
Isoamyl acetate 1118 N.D. - 12.92 ± 1.10a 0.16 33.28 ± 2.10c 0.42 19.84 ± 1.20b 0.31 12.70 ± 0.92a 0.20 
Isoamyl hexanoate 1456 N.D. - 0.26 ± 0.00a 0.00 0.30 ± 0.00a 0.00 N.D. 0.01 0.51 ± 0.04b 0.01 
Isoamyloctanoate 1663 N.D. - 7.50 ± 0.20a 0.09 7.46 ± 0.03a 0.10 14.34 ± 2.76b 0.22 6.37 ± 0.25a 0.10 
Isoamyl decanoate 1866 N.D. - 12.78 ± 1.00a 0.16 11.43 ± 0.05a 0.15 16.42 ± 2.10b 0.26 10.71 ± 1.18a 0.17 
Isoamyl dodecanoate 2070 N.D. - 0.53 ± 0.08a 0.01 0.65 ± 0.06ab 0.01 0.75 ± 0.08b 0.01 0.50 ± 0.02a 0.01 
Hexyl acetate  1268 N.D. - 0.27 ± 0.02a 0.00 0.26 ± 0.04a 0.00 0.23 ± 0.02a 0.00 0.22 ± 0.02a 0.00 
Heptyl acetate 1371 N.D. - 0.42 ± 0.06b 0.01 0.37 ± 0.02b 0.00 0.32 ± 0.02ab 0.01 0.34 ± 0.01ab 0.01 
Phenethyl acetate 1830 N.D. - 5.90 ± 0.47a 0.07 5.70 ± 0.18a 0.07 5.70 ± 0.41a 0.09 5.71 ± 0.44a 0.09 
Nonyl acetate 1541 N.D. - 0.16 ± 0.04 0.00 0.10 ± 0.01 0.00 0.11 ± 0.01 0.00 0.12 ± 0.01 0.00 
Decyl acetate 1696 N.D. - 1.14 ± 0.12c 0.01 0.37 ± 0.03a 0.00 1.15 ± 0.09c 0.02 0.93 ± 0.05b 0.01 




Table F1. (Cont’d) 
Compounds identified 
in this study 
LRI 
Lychee juice (day 0) Control (day 10) L-Leu (day 10) L-Ile (day 10) L-Val (day 10) 
Peak area RPA Peak area RPA Peak area RPA Peak area RPA Peak area RPA 











Dimethyl sulfoxide 1597 0.21 ± 0.01 0.11 N.D. - N.D. - N.D. - N.D. - 













1266 1.46 ± 0.04 0.72 N.D. - N.D. - N.D. - N.D. - 
Citronellyl acetate 1664 N.D. - 1.75 ± 0.19ab 0.02 1.52 ± 0.18a 0.02 1.95 ± 0.00b 0.03 1.81 ± 0.18ab 0.03 
1-Phenllandrene 1151 0.38 ± 0.18 0.19 N.D. - N.D. - N.D. - N.D. - 
Citronellol 1766 N.D. - 0.57 ± 0.02a 0.01 0.47 ± 0.00b 0.01 0.51 ± 0.05ab 0.01 0.54 ± 0.01ab 0.01 
Geraniol 1850 1.21 ± 0.03 0.6 N.D. - N.D. - N.D. - N.D. - 
γ-Terpinene 1237 0.24 ± 0.06a 0.12 N.D. - N.D. - N.D. - 0.07 ± 0.00b 0.00 
Limonene 1183 0.27  ± 0.00a 0.13 0.17 ± 0.01b 0.00 0.13 ± 0.02b 0.00 014 ± 0.0ba 0.00 N.D. - 
L-Linalool 1546 3.28  ± 0.12a 1.62 0.66 ± 0.03b 0.01 0.52 ± 0.09b 0.01 0.65 ± 0.07b 0.01 0.67 ± 0.06b 0.01 
Neroloxide 1474 5.54  ± 0.36 2.74 N.D. - N.D. - N.D. - N.D. - 
o-Allyltoluene 1442 3.05 ± 0.28 1.51 N.D. - N.D. - N.D. - N.D. - 
Terpinen-4-ol 1607 1.15 ± 0.06a 0.57 0.18 ± 0.03b 0.00 0.11 ± 0.02b 0.00 0.13 ± 0.01b 0.00 0.13 ± 0.02b 0.00 
Terpinolene 1276 0.09 ± 0.01 0.04 N.D. - N.D. - N.D. - N.D. - 
trans-Citral 1743 0.11 ± 0.02 0.06 N.D. - N.D. - N.D. - N.D. - 
cis-Rose oxide 1352 7.50 ± 0.65a 3.71 1.12 ± 0.21b 0.01 0.86 ± 0.09b 0.01 0.90 ± 0.15b 0.01 0.84 ± 0.04b 0.01 




Table F1. (Cont’d) 
Compounds identified 
in this study 
LRI 
Lychee juice (day 0) Control (day 10) L-Leu (day 10) L-Ile (day 10) L-Val (day 10) 
Peak area RPA Peak area RPA Peak area RPA Peak area RPA Peak area RPA 
α-Terpinene 1161 0.85 ± 0.18 0.42 N.D. - N.D. - N.D. - N.D. - 
α-Terpineol 1702 0.27 ± 0.01 0.13 N.D. - N.D. - N.D. - N.D. - 
trans-β-Damascenone 1834 0.46 ± 0.01a 0.23 0.12 ± 0.02b 0.00 0.10 ± 0.00b 0.00 0.11 ± 0.00b 0.00 0.10 ± 0.00b 0.00 
1,3-Di-tert-butylbenzene 1426 0.17 ± 0.03 0.08 N.D. - N.D. - N.D. - N.D. - 
Farnesyl acetate 2270 N.D. - 1.25 ± 0.04a 0.02 N.D. - N.D. - 1.19 ± 0.09a 0.02 
Farnesol 2360 N.D. - 0.27 ± 0.05a 0.00 0.14 ± 0.01b 0.00 0.13 ± 0.02b 0.00 0.20 ± 0.03ab 0.00 
trans-Nerolidol 2041 0.08 ± 0.01a 0.04 0.38 ± 0.02b 0.00 0.36 ± 0.02b 0.00 0.39 ± 0.02b 0.01 0.35 ± 0.03b 0.01 
α-Calacorene 1932 0.56 ± 0.06 0.27 N.D. - N.D. - N.D. - N.D. - 
δ-Guaiene 1721 0.19 ± 0.02 0.09 N.D. - N.D. - N.D. - N.D. - 
 








Figure G1. Sensory profile of lychee wines in Chapter 4 [(a), T. delbrueckii 
PRELUDE (●), W. saturnus NCYC 22(▢) and K. lactis KL 71 (■)] and 
Chapter 8 [(b), Control (〇); L-valine added (▣); L-leucine added (□); L- 
isoleucine added (▥)] 
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